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Woody plant expansion has been documented for decades in many different ecosystems,
often due to anthropogenic disturbances to the environment and yielding vast changes in
ecosystem functioning. While causes and consequences of woody expansion have been well
documented, few studies have investigated functional traits of woody species that promote rapid
expansion in range. My objective was to determine if hydraulic efficiency confers enhanced
photosynthetic efficiency so that functional traits representing light and water use may be
possible mechanisms facilitating woody encroachment into grasslands and forest understories. I
xv

quantified leaf-level light environment, photosynthetic activity, and hydraulic characteristics of
three sympatric broadleaf evergreens of varying leaf life span (Ilex opaca, Kalmia latifolia, and
Myrica cerifera) in a deciduous forest understory to understand seasonal intra- and interspecific
ranges of broadleaf evergreen physiology. Additionally, I investigated the effects of age on
physiological efficiency of M. cerifera across a chronosequence (i.e., space for time substitution)
of shrub thicket development in order to understand possible age-related physiological
mechanisms facilitating shrub expansion. Lastly, I determined functional traits and resulting
physiology that contribute to rapid expansion and thicket formation of an invasive, deciduous, Nfixing shrub, Elaeagnus umbellata, and a native, evergreen, N-fixing shrub M. cerifera.
When compared to co-occurring evergreen species, electron transport rate (ETR) of M.
cerifera was nearly double that of I. opaca or K. latifolia in summer. Photosynthetic capacity
was positively related to hydraulic capacity among understory evergreens. Furthermore,
photosynthetic and hydraulic efficiency of M. cerifera remained consistent despite considerable
differences in thicket age and development. Both similar and contrasting functional traits of E.
umbellata and M. cerifera allowed for enhanced light capture and water movement, and
reductions in subcanopy light penetration. Enhanced hydraulic and photosynthetic efficiency
relative to co-occurring species contributes to rapid range expansion and thicket formation by
promoting enhanced productivity and limiting successful colonization of other species. My
results indicate that there may be suites of functional traits linked to expansive success and
thicket-formation, yet differences in functional traits between native and invasive species
represent alternative strategies leading to rapid growth and thicketization.

CHAPTER ONE
PHYSIOLOGICAL MECHANISMS OF SHRUB ENCROACHMENT
Sheri A. Shiflett
Introduction
Increases in the abundance of woody plant cover, especially the expansion of shrubs into
historically herbaceous communities or forest understories, have been documented for a range of
ecosystems worldwide (Goslee et al. 2003; Sturm et al. 2005; Briggs et al. 2005; Young et al.
2007). Shrubs have a unique growth form that efficiently exploits horizontal space and
minimizes self-shading due to formation of a dense vertical array of leaves through the canopy
(Knapp et al. 2008). Both leaf area index (LAI) and annual net primary productivity (ANPP) for
shrub dominated areas, particularly in mesic habitats, can exceed that of most temperate forest
canopies (Huxman et al. 2004; Knapp et al. 2008). A shift in growth form results in alterations
in life history characteristics and resource use, which together modify the local environment and
alter community structure and function (Throop and Archer 2008). Shrub species that encroach
into grasslands and other communities, including forest understories, often form dense
monospecific thickets that cause drastic reductions in subcanopy light and limit colonization
opportunities by other species (Brantley and Young 2010). Many studies have highlighted
causes of woody expansion such as fire suppression, reduced grazing pressures, and rising
atmospheric CO2 concentrations (McCarron et al. 2003; Huxman et al. 2004; Sankaran et al.
2005; Prévosto et al. 2006; Archer 2010), yet, few studies address unique functional traits,
especially those representative of morphology and physiology, leading to woody expansion and
monospecific thicket formation (i.e., thicketization).
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Plant functional traits pertaining to assimilation of water, light and nutrients, directly
influence plant growth (Ackerly et al. 2000) and may explain successful rapid expansion of
woody species (Baruch and Goldstein 1999). Traits related to light capture (e.g., specific leaf
area, stomatal density, pigment concentration) may contribute to higher photosynthetic rates.
Comparatively, traits linked to water movement (e.g., leaf area to sapwood area ratio, specific
leaf area) may confer enhanced hydraulic conductivity or leaf hydraulic supply. Recent work
has demonstrated that increased hydraulic capacity is linked to enhanced photosynthetic capacity
(Brodribb and Feild 2000; Brodribb et al. 2002; Jones et al. 2010), and stomatal conductance,
which in turn enhances CO2 fixation and plant growth rates (Meinzer and Grantz 1990; Sperry
2000). Therefore, investigation of functional traits, especially those related to physiological
performance of photosynthetic and hydraulic systems, may identify mechanisms most
responsible for rapid rates of shrub expansion.
Many expansive shrubs are either nitrogen fixers or evergreen (Knapp et al. 2008). The
dominant woody expansive species of southwestern US, southeastern US barrier islands, and
northwestern European islands are all N-fixers (Prosopis glandulosa, Myrica cerifera, and
Hippophaë rhamnoides, respectively, Isermann et al. 2007; Knapp et al. 2008). Additionally,
many expansive woody species are also evergreen including Kalmia latifolia, Larrea tridentata,
Ledum palustre, and Myrica cerifera (Dobbs and Parker 2004; Knapp et al. 2008). N-fixation
and an evergreen leaf habit are advantageous in resource limited environments by enabling
resource acquisition and nutrient retention (Huss-Danell 1997). N-fixation provides a source of
N for actinorhizal plants and also for neighboring plants (Huss-Danell 1997). A correlation
exists between rates of N fixation, net photosynthesis, and growth (Huss-Danell 1990) and most
plants respond to increased available N with substantial increases in foliar %N (Gulmon and Chu
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1981). Many studies have demonstrated that there is a direct positive relationship between leaf
N content and photosynthetic rate (Gulmon and Chu 1981; Chapin et al. 1987). Additionally,
recent work has shown that N addition can alter the efficiency of water transport to leaves
thereby enhancing hydraulic efficiency and growth rates (Goldstein et al. 2013).
A continuum in leaf life span occurs between evergreen and deciduous species
(Markesteijn et al. 2011). Rates of gas exchange, foliar %N, and specific leaf area, all positively
correlated variables, typically decrease with increasing leaf life span across a broad range of
environments and angiosperm taxa (Reich et al. 1997, Niinements et al. 2004, Wright et al. 2005,
Baldocchi et al. 2010, Letts et al. 2012). Even within environments, growth rates and physiology
can vary greatly among species (Reich et al. 1999). Variation in leaf life span among sympatric
broadleaf evergreens yields differences in physiological response. Leaf longevities of evergreen
shrubs typically range from 1-3 years (Karlsson 1992). Previous work has shown that not all
evergreen shrubs fit aforementioned trends. Myrica cerifera, an evergreen nitrogen-fixing shrub,
has photosynthetic rates similar to or higher than that of eastern deciduous shrubs (Young 1992).
The evergreen leaf habit of M. cerifera promotes nutrient transport and conservation (Monk
1966). It even has invasive-like qualities due to an ability to grow rapidly, form dense
monospecific thickets, and encroach into nearby communities including forest understories and
barrier islands (Kurten et al. 2008; Zinnert et al. 2011). For instance, canopy cover of M.
cerifera on Hog Island, a Virginia barrier island, increased ~285 % from 1984−2010 and this
was primarily due to thicket expansion rather than colonization of new individuals (Zinnert et al.
2011).
Recent studies have highlighted many characteristics of M. cerifera that may explain
observed rapid rates of expansion (Brantley and Young 2007, 2008, 2009, 2010; Naumann et al.
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2007, 2008; Vick and Young 2009; Shiflett and Young 2010). High LAI of Myrica cerifera
leads to substantial reductions in subcanopy light penetration (Brantley and Young 2007).
Myrica cerifera also has high foliar %N, photosynthetic rates, ANPP and bird dispersed seeds,
all factors which contribute to formation of dense nearly monospecific thickets on barrier islands
that are otherwise dominated by grasslands (Young 1992; Young et al. 2007; Shiflett and Young
2010; Zinnert et al. 2011). Previously, no one has investigated hydraulic conductivity and
efficiency of M. cerifera in order to understand how this may contribute to expansion by
promoting enhanced drought tolerance and photosynthetic efficiency. The focus of my
dissertation research was to determine if hydraulic efficiency confers enhanced photosynthetic
efficiency so that specific suites of water and light use traits may be possible mechanisms
facilitating woody encroachment into grasslands and other communities, including forest
understories.

Background and Objectives
Hydraulic conductivity of xylem is the link between available soil moisture and
evaporative demand associated with light environment. Xylem has been called “the vulnerable
pipeline” because it is a water transport mechanism that precariously rests on the edge of
physical possibility (Zimmerman 1983; Tyree and Sperry 1989). In general, vulnerability to
cavitation (i.e., formation of vapor bubbles in the water column) is negatively correlated with
xylem tension experienced under natural conditions (Lambers 2006). Cavitation risk plays a
major role in differentiation between drought-adapted and mesic species (Pockman and Sperry
2000; Tyree et al. 2003; Maherali et al. 2004). The former tend to be more cavitation resistant
and the latter are more vulnerable to cavitation. Safer (i.e., less vulnerable) xylem tends to be
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less hydraulically efficient. Efficiency at the tissue scale can be defined as hydraulic
conductivity per fixed cross-sectional area (Sperry et al. 2008). Conductivity of a given area is
maximized by filling it with the fewest (i.e., widest) possible conduits that are also as long as
possible (Sperry et al. 2008). Additionally, efficiency is limited by constraints on the maximum
diameter of the conduits, their length, and their number per cross-sectional area (Sperry et al.
2008). Further, this system is highly redundant, with water being able to flow through many
different paths to reach the same endpoint. Among plant species there is a wide range in
hydraulic efficiency such that co-occurring species can display differences in hydraulic
conductivity varying by orders of magnitude (Brodribb and Field 2000; Brodribb et al. 2002).
Species resistance to cavitation has been extensively studied during the past two decades
and is now regarded as a trait with substantial influence over plant form, function and ecology
(Sperry et al. 2008; Herbette and Cochard 2010; Jones et al. 2010). Xylem vulnerability to
cavitation is highly correlated with species-specific drought tolerance (Pockman and Sperry,
2000; Tyree et al. 2003) such that xerophytes are more resistant to cavitation than mesophytes.
Typically resistance to cavitation is quantified by subjecting woody stem segments to a range of
pressure potentials and measuring resulting hydraulic conductivity to determine loss of
conductivity from a cavitation free state. Some species are very resistant to loss of hydraulic
conductivity and experience 100 % loss of conductivity at water potentials lower than -10 MPa
(Vilagrosa et al. 2003), whereas other species lose hydraulic conductivity rapidly and can
experience 100 % loss of conductivity by -2 MPa or higher (Sperry 2000). Prevention of
cavitation is necessary to maintain continuity of the water column in the xylem conduits (Tyree
and Sperry 1989; Tyree et al. 1994); however, cavitation is a common occurrence. While the
cavitation resistance of many species has been characterized, less information exists linking
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apoplast resistances (e.g., xylem cavitation) to symplast resistances (e.g., photosystem II
functionality and pigment composition, Vilagrosa et al. 2010).
Chlorophyll fluorescence techniques may be used to determine changes in the efficiency
of photochemistry. Measurements of chlorophyll fluorescence, including quantification of
quantum yield of PSII (ΦPSII) or electron transport rate (ETR, a parameter derived from ΦPSII),
have become increasingly popular as alternatives to gas exchange measurements for determining
photosynthetic performance and comparing species (Schreiber et al. 1994; Jones et al. 2010).
Determination of ETR takes into account ambient light intensity, which is particularly important
for field studies because the light environment in not constant. Changes in chlorophyll
fluorescence correlate with CO2 assimilation (Genty et al. 1989; Andrews et al. 1995), and
maximum apparent ETR represents a metric for the capacity of photosynthetic activity (Stemke
and Santiago 2011).
Linear positive relationships have been observed between metrics of photosynthetic
capacity (e.g., ΦPSII, ETR) and metrics of hydraulic efficiency (e.g., hydraulic conductivity per
leaf area and per sapwood area, Jones et al. 2010). Rates of photosynthesis generally increase
with increased hydraulic supply (Brodribb and Feild 2000; Brodribb et al. 2002; Jones et al.
2010). Also, plants with low water transport capacity (i.e., low hydraulic conductivity) may
exhibit reduced gas exchange and lower rates of photosynthesis because rates of water loss from
leaves are limited by stem hydraulic supply (Brodribb and Feild 2000). Alternatively, plant
species with low hydraulic conductivity may allocate water to fewer leaves per unit stem area,
thereby increasing supply of water per unit leaf area.
Additionally, Santiago et al. (2004) found that photosynthesis per unit leaf area is
strongly correlated with maximal stem conductivity (i.e., a cavitation free state) rather then initial
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stem conductivity (i.e., an in situ condition). Both photosynthetic capacity and net
photosynthesis are proportional to maximal rates of conductivity rather than initial conductivity
because the former represents a cavitation free state, whereas cavitation is likely to be present
under in situ conditions (Santiago et al. 2004). Although individual stem conductivity is higher
than whole plants conductivity, studies have shown a broad correlation between the two, and
thus, it can be assumed leaf-specific conductivity (kL) reflects whole-plant conductivity (Becker
et al. 1999; Brodribb and Hill 2000). A correlation between ΦPSII and kL indicates coordination
between leaf demand for water and hydraulic supply and provides a link between whole-plant
and stem hydraulic conductivity, thus enabling stem hydraulics to be used as a proxy for
maximum transport and photosynthesis (Brodribb and Feild 2000).
Globally, many expansive species are evergreens (Dobbs and Parker 2004; Knapp et al.
2008). Compared to deciduous species, evergreens have lower hydraulic conductance, a feature
which promotes water savings and enhances drought tolerance (Tyree and Cochard 1996; Eamus
and Prior 2001). Evergreen species, which have longer leaf life spans than deciduous species,
also tend to have lower photosynthetic rates (Baldocchi et al. 2010). Reduced capacity for water
transport displayed by evergreens may explain reduced photosynthetic rates. Evergreens, which
can potentially fix carbon throughout the year, have adopted strategies that allow for enhanced
survival during periods of low nutrient and water availability (Aerts 1995). Shared traits among
expansive evergreens may reveal which suites of traits are linked to expansive potential.
Identification of shared functional traits helps to identify plant functional types and may
explain groups of plant species showing similar responses to environmental factors and/or
similar roles in ecosystems (Cornelissen et al. 2003). Functional traits which highlight speciesenvironment interactions can explain patterns of habitat filtering and mechanisms of community

7

assemblages (de Bello et al. 2010; Brym et al. 2011; de Bello et al. 2012). Study of functional
traits representative of light and water use are particularly important because these two factors
directly influence plant growth and productivity. Functional traits linked to light capture and
processing enable high photosynthetic efficiency and promote dramatic subcanopy light
attenuation in thicket-forming shrubs. Traits associated with hydraulic capacity can also enable
high photosynthetic efficiency and contribute to increased productivity. Investigation of
functional trait combinations of expanding species and co-occurring non-expansive species from
different habitats may provide evidence of shared traits which contribute to woody expansion
(Brym et al. 2011).
My goal was to investigate functional traits of eastern temperate shrubs while relating
hydraulic efficiency to light use. I hypothesized that there is a positive relationship between
hydraulic conductivity and photosynthetic potential, such that shrub species with higher
hydraulic conductivities would be more photosynthetically efficient than those that are less
hydraulically efficient. I also hypothesized that shrub species that are invasive or have expansive
niche qualities should display high hydraulic efficiency, and high photosynthetic potential at the
cost of less cavitation resistance.

Specific objectives were as follows:
1) Characterize leaf-level light environment and photosynthetic capacity of broadleaf
evergreen species (Ilex opaca, Kalmia latifolia, and Myrica cerifera) in a deciduous
forest understory. Also, determine the response of evergreen understory woody
species to seasonal differences in light environment and temperature.
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2) Determine seasonal differences in light and water use of three evergreen understory
shrubs (I. opaca, K. latifolia, and M. cerifera) to investigate the link between light use
and water use capacity.
3) Quantify the effects of age on photosynthetic and hydraulic capacity of M. cerifera
across a chronosequence of shrub thicket development to show how relationships
between water and light use may be dynamic with age, and to investigate
physiological mechanisms of shrub expansion on Hog Island, Virginia.
4) Characterize hydraulic and light use parameters of M. cerifera and Elaeagnus
umbellata, both nitrogen-fixing shrubs that grow rapidly and form dense thickets.
Elaeagnus umbellata is an invasive exotic, while M. cerifera is native to the eastern
U.S. coastal plain. Establishing parallels in water use and light use of these two
species will lead to a better understanding of physiological parameters that lead to
invasibility and shrub thicket formation.
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Abstract
In recent years, expansion of evergreen shrubs, both native and exotic, (e.g., Ligustrum
robustum, Ligustrum sinense, Myrica faya, Rosa multiflora) into forest understories worldwide
has been documented. Dense shrub thickets may interfere with tree establishment, suppress
herbaceous cover, and contribute a substantial amount to total standing crop of leaf biomass.
Evergreen shrubs may exploit seasonal variation in irradiance and temperature that is
characteristic of temperate understory environments. We quantified leaf-level light environment
and photosynthetic activity of three sympatric broadleaf evergreens (Ilex opaca, Kalmia latifolia,
and Myrica cerifera) in a deciduous forest understory in Charles City County, Virginia, USA
order to understand the seasonal intra- and interspecific range of broadleaf evergreen physiology.
Two species (K. latifolia and M. cerifera) represent a diverse taxonomic range within the
broadleaf evergreens, and often form expansive thickets. We measured parameters related to
canopy structure (e.g., bifurcation ratio, leaf angle) and photosynthetic performance (e.g.,
electron transport rate or ETR, chlorophyll content). ETR varied both seasonally and among
species. In summer, M. cerifera ETR was nearly double that of I. opaca or K. latifolia.
Additionally, leaf temperature enhanced photosynthetic capacity of expansive species.
Evergreen species, though capable of fixing carbon throughout the year, often exhibit slow
growth rates and low physiological activity. Yet, we observed that the range of evergreen
physiological activity may be broader than previously recognized. Furthermore, our results
indicate potential for changes in composition and expansion of the evergreen shrub layer due to
species that exhibit functional traits advantageous for rising temperatures.
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Introduction
Expansion of evergreen shrubs, both native and exotic, (e.g., Ligustrum robustum,
Ligustrum sinense, Myrica faya, Rosa multiflora) into forest understories worldwide has been
documented [1-5]. Dense shrub thickets may interfere with tree establishment, suppress
herbaceous cover, and contribute a substantial amount to total standing crop of leaf biomass [6,
7]. Further, in the past several decades, expansion of the evergreen understory layer of
deciduous forests has also been documented [8]. Within the Southern Appalachian Mountains of
North America, 2.5 million ha are covered by thickets of Kalmia latifolia and Rhodedendron
maximum [6, 9]. Recently Myrica cerifera, a nitrogen-fixing, evergreen shrub, which occurs in
open environments and forest understories, has also received attention for forming dense,
monospecific thickets that encroach into nearby communities [10-12]. Species that form dense
thickets may provide insight for understanding what suites of characteristics and physiological
responses lead to occurrence and expansion within the understory.
Species that display the evergreen leaf habit may remain active throughout the year and
invest less annually in carbon and nutrients necessary to maintain foliage [6, 13-15]. This leads
to longer leaf life spans than deciduous species, but lower rates of photosynthesis [15-18],
growth, nutrient loss, and litter decomposition [6, 13, 14]. Evergreen trees and shrubs are
favored in nutrient poor environments because the consequences of lower photosynthetic
capacity can be mitigated by assimilating carbon over a longer growing season [19-21]. Typical
growth characteristics of evergreens are linked to low responsiveness to environmental change
and consequently, climate change may lead to shifts in evergreen distribution [15].
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In temperate climates, broadleaved evergreen species in the deciduous forest understory
are exposed to large fluctuations in irradiance and temperature throughout the year [22-24]. The
light environment in the forest understory is highly dynamic and photosynthetically active
radiation (PAR) reaching leaves may increase or decrease over two orders of magnitude within
seconds [25-27]. Large changes in PAR occur in the understory due to leaf-out in the spring and
autumn canopy leaf fall. Understory leaf temperature exhibits large fluctuations due to
seasonality, and intensity and duration of irradiance [22, 24]. Some understory evergreens, such
as Ilex opaca, are dependant on the relatively high irradiance periods when the overstory is
leafless [28, 29]. Though many studies have quantified variations in understory light, few studies
exist detailing seasonal physiology of understory woody plants.
The objective of our study was to characterize and compare leaf-level light environment
and photosynthetic capacity among broadleaf evergreen species in a deciduous forest understory.
We investigated the response of evergreen understory woody species to seasonal differences in
light environment and temperature by 1) quantifying seasonal variations in leaf pigments, as
related to light availability, 2) identifying plant traits associated with light capture (e.g., branch
bifurcation, leaf angle) and that were related to photosynthetic capacity, 3) comparing
photosynthetic capacity across seasons, and 4) determining if expansive, thicket-forming species
(K. latifolia and M. cerifera) display physiology reflective of expansive potential in the
understory. We hypothesized that species would display traits enabling maximal light capture
due to a heterogeneous seasonal light environment and that species known to be expansive in
some environments would display higher photosynthetic capacity than the non-expansive I.
opaca throughout the growing season.
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Materials and methods
Site Description
Field work was conducted at the Inger and Walter Rice Center for Environmental
Studies, located in Charles City County, VA (37° 19’ N, 77° 12’ W), from March 2010 to
November 2011. Species were sampled within a mature (80-150 yrs old) hardwood forest
understory. The deciduous forest canopy was primarily composed of a mixture of Quercus spp.,
and Acer rubrum. Physiological measurements were conducted from March 2010 to November
2011 on Ilex opaca Aiton (Aquifoliaceae), Kalmia latifolia L. (Ericaceae), and Myrica cerifera
L. (Myricaceae), broadleaf evergreen species of varying leaf longevity which represent a wide
geographic range in eastern North America (Table 1).
Ilex opaca, which grows in either the tree or shrub growth form, is frequently observed in
forest understories as a small tree ~ 10 m tall. Kalmia latifolia, which typically occurs on
forested slopes, can grow between 3 - 9 m tall and is capable of forming dense thickets. Myrica
cerifera, also capable of forming dense thickets, fixes nitrogen symbiotically, can reach heights
of 5 - 6 m, and typically occurs in the southern United States.

Measurements
Early spring, late spring, summer and autumn measurements were performed in March,
May, July and September, respectively. For each species, leaf angle to the horizontal (θ, n = 100)
was quantified to the nearest 5º using a clinometer. Leaf angle was measured in early spring and
again in summer to track seasonal changes. Plant bifurcation ratios were measured for ten stems
exhibiting terminal shoots exposed to partial to full sunlight. The following equation was used to
approximate branch bifurcation ratio (Rb):
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(1)
where N is the total number of branches of all branch orders on the stem and N1 is the total
number of first order branches [35]. Additionally, the number of leaves per primary branch were
quantified and leaf area (n = 25) was measured using an area meter (LI-3100C). In order to
assess leaf pigments, chlorophyll concentrations were quantified using standard
spectrophotometric methods following acetone extraction [36].
Chlorophyll fluorescence analysis, including quantification of electron transport rate (ETR), is
an increasingly popular alternative to gas exchange measurements for determination of
photosynthetic performance of plants [37] and making comparisons among species [38].
Changes in fluorescence emissions correlate with the light use efficiency of O2 evolution [39, 40]
and CO2 assimilation [41-43]. Further, maximum apparent ETR represents a measure for the
capacity of photosynthetic activity [44, 45]. We utilized chlorophyll fluorescence analysis in
order to relate physiology to photosynthetic capacity [45, 46].
Measurements were collected on sunny days between 1000 h and 1400 h. To estimate
photosynthetic capacity, light-adapted leaf photosynthetic electron transport rate (ETR) was
measured on fully expanded leaves (n = 50) using a pulse amplitude modulated leaf fluorometer
(PAM-2000, Walz, Effeltrich, Germany). Leaves were selected from partially sunlit plants to
capture natural variation in incident light and to ensure that some samples were acclimated to full
sun. Concomitant incident photosynthetically active radiation (PAR) and leaf temperature were
determined using the mini-PAM leaf clip (2030-B) quantum sensor and thermcouple. Apparent
ETR was calculated as:
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(2)
where F/ F′m represents quantum yield, 0.84 is the assumed light absorbance of the sample, and
0.5 corrects for 2 quanta of light required for the transport of 1 electron [41, 44].

Data analysis
The program R was used for all statistical tests. One-way analysis of variance (ANOVA)
was conducted to compare leaf angles, leaf PAR, parameters relating to leaf pigments and ETR
among species. Post-hoc testing was performed using Tukey’s honestly significant difference
(HSD). Linear regression analysis was used to determine relationships between PAR and leaf
temperature for each species and significance of slopes was determined. The slopes of
significant relationships were compared using a Student’s t-test. Linear regression was also used
to quantify relationships between PAR and ETR for determination of photosynthetic efficiency
(PE) among species [47]. This was achieved by utilizing the linear portion of the relationship
between PAR and ETR, which corresponded to PAR values ≤ 600 µmol m-2 sec-1 and resulting
ETR. Steeper slope in the linear portion of the relationship indicates higher PE (i.e., higher
capacity for light processing). Slopes were compared to each other using analysis of covariance
methods (ANCOVA) and when appropriate, pairwise contrasts were performed.

Results
Canopy architecture and leaf anatomy
Frequency distributions of θ among species in early spring were all different from one
another (Figure 1; F2,297 = 37.87, P < 0.001). Within species, frequency distributions of θ were
similar between early spring and summer for I. opaca and M. cerifera (P = 0.41, 0.18,
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respectively) and differed for K. latifolia (P < 0.001). In early spring for both I. opaca and M.
cerifera, the largest proportion of leaves was angled horizontally between 0 - 15°. The largest
proportion of leaves of K. latifolia displayed a 30 - 45° leaf angle. Frequency distributions θ in
summer varied among species (F2,297 = 10.26, P < 0.001; Figure 1). Leaf angle distribution of I.
opaca differed from both K. latifolia and M. cerifera (P = 0.016, < 0.001, respectively). In
summer the largest proportion of leaves for all species occurred between 0 - 15°, though a
similarly large proportion of leaves of M. cerifera occurred between 15 - 30° (Figure 1).
Bifurcation ratios (Rb) were also significantly different among species (F2,27 = 4.31, P =
0.02; Table 2). Mean Rb of M. cerifera was approximately one and a half times the value of I.
opaca or K. latifolia, but values were not significantly different between I. opaca and M.
cerifera. Leaf area differed among species (F2,72 = 63.0, P < 0.001) such that leaves of M.
cerifera were smaller than leaves of I. opaca or K. latifolia (Table 2). Myrica cerifera also
produced nearly twice as many leaves per primary branch as I. opaca or K. latifolia (F2,12 =
16.31, P < 0.001). Yet, when expressed as leaf area per primary branch, I. opaca produced the
most (151 ± 0.4 cm2), followed by K. latifolia (121 ± 0.4 cm2), and M. cerifera (100 ± 0.8 cm2).

Leaf pigments
Chlorophyll a:b ratios varied among species during early spring (F2,27 = 12.8, P < 0.001)
and summer (F2,27 = 12.2, P < 0.001; Figure 2). Ilex opaca had the largest chlorophyll a:b ratio,
while there were no significant differences between K. latifolia and M. cerifera. All species
showed significantly reduced chlorophyll a:b ratios in late spring and autumn compared to early
spring and summer (Figure 2). Carotenoid content was highest in all species during early spring
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and summer (Figure 2). Carotenoid content of I. opaca was significantly lower than K. latifolia
and M. cerifera during all seasons, and was similar between K. latifolia and M. cerifera.

Light environment
Significant variation in incident leaf PAR on frequency distributions among species
occurred in both early spring (F2,148 = 3.67, P = 0.028) and summer (F2,147= 7.01, P < 0.001;
Figure 3). In early spring the distribution of leaf PAR was significantly lower in M. cerifera
compared to K. latifolia, yet the leaf PAR of I. opaca did not differ from the other two species.
In summer leaf PAR of I. opaca was significantly lower than K. latifolia, yet the leaf PAR of
each was similar to M. cerifera. Throughout the growing season, leaves of each species were
exposed to PAR ranging from < 25 µmol m-2 sec-1 to ≥ 1600 µmol m-2 sec-1.

Electron transport rate
ETR varied both among species and seasonally (Figure 4). Throughout the growing
season, both ETR and PE were similar for I. opaca and K. latifolia; yet, during all seasons except
early spring, PE of M. cerifera was significantly higher than I. opaca and K. latifolia (Table 3).
During most of the growing season, the slope of PAR and ETR for M. cerifera was steeper than
that of I. opaca or K. latifolia (Table 3). To further investigate this relationship, light levels
were classified as “low,” “intermediate,” and “high” intensities. “Low” intensity was considered
light values ranging from 0 - 400 μmol m-2 sec-1, “intermediate” intensity was values ranging
from 600 - 1000 μmol m-2 sec-1 and “high” intensity was values ranging from 1200- 1600 μmol
m-2 sec-1. The only difference between ETR of I. opaca and K. latifolia was observed at high
light during autumn (P < 0.001). From late spring to autumn, ETR of M. cerifera was greater
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than I. opaca and K. latifolia at all light levels (P < 0.05 in low light, and P < 0.005 in
intermediate and high light during this time period), with the largest differences occurring at
intermediate and high light levels. Among species, highest observed ETR occurred for M.
cerifera during summer.
At all light levels, ETR of M. cerifera increased with increasing leaf temperature (e.g., r2
= 0.85 at low light, r2 = 0.89 at intermediate light and r2 = 0.99 in high light, P < 0.01 in all
cases; Figure 5). At high light, ETR of K. latifolia also increased linearly with increasing leaf
temperature (r2 = 0.69; Figure 5). At low and intermediate light levels, no significant
relationship existed between leaf temperature and ETR for K. latifolia (r2 = 0.27, P = 0.29 and r2
= 0.34, P = 0.23, respectively, data not shown). No relationship existed between temperature
and ETR for I. opaca at all light levels (r2 ≤ 0.5 and P > 0.1 in all cases, data not shown).
Additionally, the slope of the relationship between temperature and ETR was substantially
steeper for M. cerifera than I. opaca or K. latifolia (P < 0.001; Figure 5).

Discussion
Evergreen species are often noted for the ability to fix carbon throughout the year at the
expense of low physiological activity and slow growth rates [9, 13, 16, 19]. Yet, the range of
physiological activity that broad-leaved evergreens display may be more extensive than
previously recognized. We quantified a wide range of responses in parameters related to light
capture and photosynthetic potential in understory evergreens in a deciduous forest
demonstrating that there are several strategies for survival in the understory among broadleaf
evergreens. Plant traits associated with light capture were not necessarily related to
photosynthetic capacity, but all species showed traits aimed at maximizing light capture rather
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than light avoidance. Seasonal variations in leaf chlorophyll a:b ratios and accessory pigments
mirrored changes in light availability. Photosynthetic performance varied substantially
throughout the growing season both intra- and interspecifically. Also, physiology of thicketforming species (K. latifolia and M. cerifera) reflected potential for expansion in the understory.
Maximizing light capture through horizontal leaf orientation [48] was evident in all three
species. Self-shading may be prevented at the leaf level by effective foliage orientation, a factor
which affects daily whole-canopy radiation capture through optimal light interception earlier and
later in the day when radiation is reduced [49-51]. The difference in leaf angle of K. latifolia
between early spring and summer corresponded to closure of the overstory canopy; more leaves
were oriented horizontally. In summer, the majority of leaves were closer to the horizontal
plane, suggesting an effort to maximize light capture for all three species. Instantaneous
measurements of incident PAR showed that during any given season, leaves of each species were
exposed to PAR values ranging from full shade (< 25 µmol m-2 sec-1) to nearly full sun (≥ 1600
µmol m-2 sec-1), which also emphasizes the importance of foliage orientation for optimal light
interception.
Canopy structure in forests is a key factor influencing light interception by a stand with a
given leaf area index (LAI) [52] and may influence branching strategies that optimize light
capture [53-55]. Woody plants growing in low light tend to exhibit lower bifurcation ratios and
are associated with a nonrandom monolayer canopy, as compared to those exposed to high light
and within a multilayered canopy [53, 56]. Bifurcation ratio was highest for M. cerifera, yet
similar to other values reported for forest understories [29, 35, 54]. Myrica cerifera also
produced the most and smallest leaves per primary branch, minimizing self-shading [35].
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Coupling these traits with consistent seasonal horizontal leaf angles suggests that M. cerifera
displays architecture that promotes maximal light capture more so than I. opaca or K. latifolia.
Changes in carotenoids, which can serve in either light collection or photoprotection [57],
tracked seasonal light availability. All species showed increased carotenoids when seasonal light
availability was highest in early spring. Chlorophyll a:b ratio, which increases with available
light [58-60], also mirrored patterns in seasonal light availability. Interestingly, instantaneous
leaf-level light did not vary at midday throughout the seasons for K. latifolia and M. cerifera,
though it was lower in late spring and summer than early spring or autumn for I. opaca. Leaf
pigments such as carotenoids and chlorophyll a:b ratios provide metrics for understanding light
availability that integrates seasonal variation.
Photosynthetic capacity varied substantially throughout the seasons for all species. ETRs
observed during this study were proportional to previously reported photosynthetic rates for
these, or closely related, species (Table 1). Most striking were the increases in ETR that
occurred for M. cerifera from late spring to autumn. In cooler months, ETR of M. cerifera was
the same as I. opaca and K. latifolia, but from late spring to early fall, ETR of M. cerifera was
more than double that of the sympatric evergreen species. An increase in leaf temperature
enabled M. cerifera to exploit higher light levels during summer. Young (1992) observed that
field-measured net CO2 assimilation rate of M. cerifera peaks around 30 ºC, and at 40 ºC, net
photosynthesis remains within 50% of maximum values [34]. These results suggest that
temperature is a key driver of seasonal changes in photosynthetic performance of M. cerifera.
Muller et al. (2005) also found that within a given light regime (i.e., that of deciduous forest
understory, evergreen forest understory, or a gap in a mixed forest), the photosynthetic apparatus
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of Aucuba japonica, a temperate understory evergreen shrub, acclimated mainly to changes in
temperature and to a lesser extent PAR [22].
Among species, there was wide variation in chlorophyll fluorescence emissions in
response to variation in PAR. Steeper slopes in the relationship between PAR and ETR are
indicative of greater PE for M. cerifera than for I. opaca or K. latifolia. Also, M. cerifera
displayed similar ETR at intermediate (600 -1000 µmol m-2 sec-1) and high (1200 – 1600 µmol
m-2 sec-1) light levels throughout the growing season. Net CO2 assimilation rate of M. cerifera
approached an asymptote at intermediate light levels, also suggesting that photosynthetic
performance of M. cerifera saturates at intermediate light intensity [34]. The aforementioned
results indicate a potential interaction between temperature and PAR. Myrica cerifera may be
equally efficient at assimilating carbon at intermediate light intensity as at high light intensity,
except under conditions when high light (~1600 µmol m-2 sec-1) and high temperature (~ 30 – 38
°C) coexist, which may facilitate increased assimilation rates.
We found that expansive species were more responsive to changes in seasonal leaf
temperature. Myrica cerifera and K. latifolia, which are both thicket-forming and show enhanced
physiological response to rising temperature, are expected to show future range expansion in
response to warming climates. Conversely, I. opaca, which is slow-growing and shows a low
responsiveness to changes in temperature, is likely to occur in a diminished range in the future
[15]. While species physiologically similar to I. opaca represent the vast majority of evergreens,
studies of expanding species, including some that form thickets, have shown a dramatic increase
in range on the order of decades [8, 12]. Over the past century, vegetation in southern
Switzerland forest understories has shifted from an indigenous deciduous to an exotic broadleaved shrub layer that appears to benefit from milder winter conditions [61]. From a
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physiological perspective, our study provides support for the hypothesis that climate change may
lead to adjustments in the distribution of evergreens. Our results indicate potential for changes in
composition and expansion of the evergreen shrub layer due to species that exhibit functional
traits advantageous for rising temperatures.
The three broadleaf evergreen species of our study demonstrate a wide range of
physiological activity. Ilex opaca exhibits characteristics and physiology that exemplify a
typical evergreen species [15]. It has relatively long-lived leaves, slow growth rates [62], and
low ETR. Kalmia latifolia also exhibits characteristics and physiology representative of a typical
evergreen species; however, it also displays some traits and physiology that reflect its expansive
potential. Kalmia latifolia, which has equally long-lived leaves as I. opaca, and similar seasonal
PE and ETR, responded to changes in ambient temperature and adjusted leaf angle seasonally,
while I. opaca did not. In contrast to I. opaca, M. cerifera departed from characteristics
generally associated with evergreenness and is physiologically adapted for a high light
environment [34]. It has high growth rates [34, 63], PE, ETR across light levels, and leaf
nitrogen content [64]. Thus, multiple strategies related to photosynthetic performance and
carbon assimilation occur among sympatric evergreen species in deciduous forest understories.
Furthermore, differences in physiological performance may be indicative of potential responses
to increases in temperature.
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Table 2.1. General life history, physiology, and habitat characteristics of study species: I. opaca, K. latifolia, and M. cerifera.
Maximum photosynthetic rates have not been published for I. opaca and therefore, values presented are from closely related Ilex
aquifolium, which is typically observed in European oak and beech forests.

Species

I. opaca

K. latifolia

M. cerifera
a

N-Fixer

N

N

Y

Leaf life
span (yrs)

~ 2.4a

~ 3c

< 1e

Maximum
photosynthetic rate
(µmol m-2 sec-1)

Preferred habitat

Distribution

4 - 5b
Ilex aquifolium

an understory tree, but
may grow in full sun:
grows best in mesic,
well-drained, slightly
acidic soils

native to eastern and
southeastern United States from
coastal Massachusetts south to
central Florida, and west to
southeastern Missouri and
eastern Texas

an understory shrub, but
may grow in full sun:
grows best in mesic,
well-drained, acidic
soils

native to eastern United States,
occurring from southern Maine
south to northern Florida, and
west to Indiana and Louisiana

frequently occurs in
open areas, but also
along forest edges and
in understories: grows
best in mesic soils

native to eastern and
southeastern United States from
coastal New Jersey south to
central Florida, and west to
Texas

4 - 8d

24 - 28 f

[30], b [31], c [32] , d [33], e, f [34]
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Table 2.2. Anatomical and structural characteristics of I. opaca, K. latifolia, and M. cerifera.
Significant differences (P < 0.05) among species for a given characteristic are represented by
letters. Mean values are presented with ± one standard error (SE).

Characteristic

N

I. opaca

K. latifolia

M. cerifera

Leaf area (cm2)

25

16.7 ± 0.7a

15.7 ± 0.9a

6.5 ± 0.5b

No. of leaves per 1° branch

15

9.1 ± 0.6a

7.7 ± 0.4a

15.3 ± 1.6b

Bifurcation ratio

10

2.6 ± 0.2ab

2.4 ± 0.1a

4.0 ± 0.7b
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Table 2.3. Slopes of seasonal relationships between incident photosynthetically active radiation
(PAR) ≤ 600 µmol m-2 sec-1 and electron transport rate (ETR) for I. opaca (I), K. latifolia (K),
and M. cerifera (M). Higher slopes correspond to greater photosynthetic efficiency (PE).
ANCOVA model significance and P-values for pairwise contrasts are presented. ES = early
spring; LS = late spring; S = summer; and A = autumn.

Season

I

Slope
K

M

Model Significance
F
P

I vs K

Contrasts
I vs M
K vs M

ES

0.07 0.06 0.09

36.44

< 0.0001

0.21

0.52

0.40

LS

0.11 0.12 0.21

97.27

< 0.0001

0.93

< 0.0001

0.0002

S

0.08 0.10 0.19

30.23

< 0.0001

0.66

0.0002

0.005

A

0.06 0.09 0.23

33.76

< 0.0001

0.68
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< 0.0001 < 0.0001

Figure Captions
Figure 2.1. Frequency distributions of leaf angles relative to horizontal of I. opaca, K. latifolia,
and M. cerifera during early spring and summer. Distributions are divided into 15° classes.
Mean leaf angle ± 1 standard error (SE) are presented for each species during a given season.

Figure 2.2. Seasonal chlorophyll a:b ratio and carotenoid content (mg g-1) of I. opaca, K.
latifolia, and M. cerifera. Intraspecific seasonal significant differences (P < 0.05) are
represented by letters. Error bars represent ± 1 SE of the mean.

Figure 2.3. Seasonal frequency distributions of leaf photosynthetically active radiation (PAR,
µmol m-2 sec-1), obtained from the mini-PAM quantum sensor, for I. opaca, K. latifolia, and M.
cerifera. Mean PAR ± 1 SE are presented for each species during a given season and mean
values are represented by dotted lines.

Figure 2.4. Seasonal ETR of three evergreen understory shrub species at low (0 - 400 µmol m-2
sec-1), intermediate (600 - 1000 µmol m-2 sec-1), and high (1200 - 1600 µmol m-2 sec-1) light
intensities. Significant differences (P < 0.05) among species during a given month are
represented by letters. A notation of ns indicates no significant differences were observed. Error
bars represent ± 1 SE of the mean.

Figure 2.5. Relationship between leaf temperature (°C), obtained from the mini-PAM during
seasonal leaf chlorophyll fluorescence readings, and ETR at “high” light (i.e., PAR ranging from
1200 – 1600 µmol m-2 sec-1) for I. opaca, K. latifolia, and M. cerifera.
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Abstract
Net photosynthetic rates of Myrica cerifera, an evergreen N-fixing shrub with a relatively
short leaf life span (< 1 year), are similar to or higher than those of eastern deciduous shrubs.
Rates of photosynthesis generally increase with increased hydraulic capacity and leaf N content;
thus, enhanced hydraulic capacity and leaf N content together may explain increased
photosynthetic performance of M. cerifera. Our objective was to compare the physiology and
anatomy of three evergreen woody species of varying leaf longevity (Ilex opaca, Kalmia
latifolia, and M. cerifera) in a temperate deciduous forest environment to determine if seasonal
physiological performance was related to leaf life span. In addition, we related hydraulic
capacity to photosynthetic capacity and examined the effect of foliar N content on these
parameters. Given traditional characteristics of evergreens, we expected that I. opaca and K.
latifolia would have reduced physiological performance in comparison to M. cerifera. Stomatal
conductance, photosynthetic capacity, hydraulic capacity, specific leaf area, and leaf N content
decreased with increasing leaf life span. Photosynthetic capacity was related positively to
hydraulic capacity for all three understory evergreens. However, differences in physiology were
disproportionate to the range of leaf life span represented. Variation in leaf life span does not
fully explain physiological performance of these three species. Compared to I. opaca or K.
latifolia, M. cerifera allocates more than twice the amount of N to its leaves, explaining the
disproportionately greater photosynthetic capacity. Our work, combined with recent studies in
the area of stem hydraulics, has shown that hydraulic capacity may be used to estimate
photosynthetic capacity. However, measuring leaf N content is an important variable to consider
when using hydraulic capacity to predict photosynthetic capacity.

51

Introduction
Evergreen and deciduous species form a continuum in leaf life span (Markesteijn et al.
2011). Maximum photosynthetic rates, leaf N content, stomatal conductance, and leaf surface
area per unit mass, all positively correlated, typically decrease with increasing leaf life span
across a wide range of environments and angiosperm taxa (Reich et al. 1997, Niinements et al.
2004, Wright et al. 2005, Baldocchi et al. 2010, Letts et al. 2012). For evergreens, even within
sites, growth rates and physiological performance can vary greatly among species (Reich et al.
1999). Sympatric broadleaf evergreens do not necessarily display similar physiology because
they may produce leaves with varying life spans. Evergreen shrubs typically have leaf
longevities that range from 1-3 years (Karlsson 1992). Yet, not all evergreen shrubs exhibit
typical trends of slow growth and reduced photosynthesis. For example, Myrica cerifera L.
(Myricaceae), an evergreen N-fixing shrub with a relatively short leaf life span (< 1 year), has
photosynthetic rates similar to or higher than temperate deciduous shrubs (Young 1992).
N fixation yields many advantages, particularly in nutrient-limited environments (HussDanell 1997). Fixed N provides a source of N for both actinorhizal plants and neighboring
plants (Huss-Danell 1997). A correlation exists between rates of N fixation, net photosynthesis,
and subsequent growth (Huss-Danell 1990). This occurs because most plants respond to
increases in available N with substantial increases in leaf N content (Gulmon and Chu 1981).
Several studies have demonstrated that there is a direct positive relationship between foliar %N
and photosynthetic rate (Gulmon and Chu 1981, Chapin et al. 1987). Additionally, recent work
has shown N addition affects the efficiency of hydraulic supply to leaves as nutrient fertilization
typically enhances hydraulic efficiency and growth rates (Goldstein et al. 2013).
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Hydraulic supply is also an important component for determining photosynthetic
performance because rates of photosynthesis generally increase with increased hydraulic
capacity (Brodribb and Feild 2000, Brodribb et al. 2002, Jones et al. 2010). Hydraulic
architecture controls maximum stomatal conductance and subsequently, CO2 fixation rates
(Meinzer and Grantz 1990, Sperry 2000). Understanding hydraulic properties will aid in
explaining variation in photosynthetic traits among co-occurring individuals and species
(Meinzer and Goldstein 1996, Santiago et al. 2004). This is especially true for shrubs as they are
characterized by a complex array of primary branches and high leaf area index (LAI) relative to
trees (Knapp et al. 2008), factors which affect hydraulic architecture. Few studies have
investigated hydraulic characteristics of shrubs from mesic temperate habitats (e.g., Cordero and
Nielsen 2002), while the majority of shrub hydraulic trait studies pertain to arid or semiarid
environments (e.g., Sperry and Hacke 2002, Vilagrosa et al. 2003). Previous research on xylem
hydraulics has mainly focused on canopy trees, with much less research detailing hydraulic
characteristics of shrubs and understory woody plants.
In a temperate forest understory, both irradiance and temperature vary greatly across
spatial and temporal scales. Consequently, leaves of understory woody vegetation must be able
to withstand a broad range of environmental stressors while enabling carbon gain in low light
and avoiding photoinhibition in full sun (Muller et al. 2005; Wang et al. 2008; Muller et al. 2011;
Letts et al. 2012). Photosynthetically active radiation (PAR) reaching leaves may increase or
decrease over two orders of magnitude within seconds (Chazdon 1986; Chazdon and Pearcy
1991; Neufeld and Young 2003). Moreover, understory PAR varies seasonally due to leaf-out in
the spring and autumn canopy leaf fall. Understory leaf temperature, which is coupled with
intensity and duration of irradiance, also exhibits large fluctuations due to seasonality (Muller et
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al. 2005, 2011). Though many studies have quantified understory light and microclimate, few
studies have examined seasonal physiology of understory woody vegetation.
Our objective was to compare the physiology and anatomy of three evergreen woody
species of varying leaf longevity (Ilex opaca Aiton (Aquifoliaceae), Kalmia latifolia L.
(Ericaceae), and M. cerifera) in a temperate deciduous forest environment to determine if
seasonal physiological performance was related to leaf life span. In addition, we related
hydraulic capacity to photosynthetic capacity and examined the effect of leaf N content on these
parameters. We hypothesized that I. opaca and K. latifolia, which have leaf life spans of ~ 2.4
(Krinard 1973) and 3 (Reich et al. 1998) years, respectively, would show reduced leaf hydraulic
supply, increased cavitation resistance, and reduced photosynthetic activity in comparison to M.
cerifera, which has a shorter leaf life span.

Methods
Site Description
Field work was conducted at the Inger and Walter Rice Center for Environmental
Studies, located in Charles City County, Virginia, USA (37° 19’ N, 77° 12’ W), from January
2010 to November 2011. Species were sampled within a mature (80-150 yrs old) deciduous
forest understory (Quercus spp.). Beginning in January 2010, seasonal physiological
measurements were conducted on sunny days between 1000 h and 1400 h for I. opaca, K.
latifolia, and M. cerifera. Meteorological data including minimum and maximum air
temperature, and precipitation were obtained from the National Climate Data Center (NCDC)
using the Global Historical Climatology Network-Daily (GHCN). Daily data were obtained
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from January 1, 2010 to December 31, 2011 from the Hopewell, Virginia, USA weather station
(USC0044101, ~ 7 km from the research site).

Photosynthetic activity
We used chlorophyll fluorescence, including quantification of ETR, as alternatives to gas
exchange measurements for determining photosynthetic performance and comparing species
(Schreiber et al. 1994, Jones et al. 2010). Not only do changes in fluorescence emissions
correlate with CO2 assimilation (Genty et al. 1989, Andrews et al. 1995), but maximum apparent
ETR represents a measure for the capacity of photosynthetic activity (Stemke and Santiago
2011). In order to determine photosynthetic capacity, rapid light curves (RLCs, n = 10) were
measured bimonthly on fully expanded, light adapted leaves using a pulse amplitude modulated
leaf fluorometer (PAM-2000, Walz, Effeltrich, Germany). RLCs were obtained by exposing
leaves to eight increasing steps of PAR ranging from 2 to 1600 mol m-2 s-1. After exposure to
each light intensity, quantum yield of PSII (F/ F′m) was measured. Electron transport rate
(ETR) at each light intensity was calculated as:
[1]
where 0.84 is the assumed light absorbance of the sample, and 0.5 corrects for 2 quanta of light
required for the transport of 1 electron (Genty et al. 1989, Stemke and Santiago 2011).
Maximum apparent ETR (ETRmax) was determined at saturating light intensity.

Stem hydraulic properties
Measurements of water relations included stomatal conductance to vapor water diffusion
(gs, mmol m-2 s1), leaf pressure potential (Ψleaf, MPa), in situ (i.e., native) stem hydraulic
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conductivity (kh, kg m s-1 MPa-1), and leaf specific conductivity (kL, kg m-1 s-1 MPa-1). Stomatal
conductance (gs, n = 30) was measured with a porometer (LI-1600, LI-COR Biosciences, Inc.,
Lincoln, NE, USA). Mid-day leaf pressure potentials were quantified with a Scholander pressure
chamber (Model 650, PMS, Corvallis, OR, USA). Stem hydraulic conductivity was measured
after clipping branches in the field at mid-day (3 - 5 for each species). Samples were sealed in
plastic bags and transported to the laboratory.
Conductivity measurements followed methods outlined by Sperry et al. (1988). Stem
segments for hydraulic conductivity analysis were 10 cm long and 10 - 13 mm dia. Maximum
hydraulic conductivity (kh max) was measured after vacuum infiltration of stems for 2 hr to
dissolve any embolisms present (Hietz et al. 2008). Percent loss of conductivity at midday
(PLCmidday) was quantified by relating initial and maximum conductivities. Total leaf area distal
to excised stem segments was quantified with a leaf area meter (Model LI-3100c, LICOR
Biosciences, Inc.) in order to determine kL. Specific conductivity (ks, kg s-1 MPa-1 m-1) was
calculated from kh divided by sapwood area following safranin staining of stems as outlined by
Sperry et al. 1988. To measure the vulnerability of xylem to cavitation, we used the air injection
method (Sperry and Saliendra 1994). Stem segments were inserted into a double ended pressure
chamber, and air was injected at target pressures for 10 min. The resulting percent loss of
conductivity (PLC) was plotted versus the corresponding xylem pressure (Ψstem).

Structural characteristics and tissue chemistry
In addition to physiological measurements, several anatomical and structural parameters
were quantified. These parameters included stomatal density (n = 25), stomatal pore length (n =
25), leaf thickness (n = 10), specific leaf area (SLA, n = 25), leaf area to sapwood area ratio
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(AL:AS, n = 25), and wood density (n = 4). Stomatal traits were determined under a light
microscope using leaf peels. Leaf area was calculated from a tracing on paper of a known mass
per unit area (Young and Yavitt 1987). SLA was determined from the area and the mass after
the leaf was dried in an oven at 70° C for 72 hours. Leaf thickness was determined using a
stereomicroscope equipped with an ocular micrometer (Wild M3Z, Leica Microsystems). AL:AS
was determined by dividing leaf area distal to collected stem segments by the sapwood area of
the stem segment. Lastly sapwood density was determined using the Archimedes principle as
described by Hacke et al. (2000). Leaf samples were collected in July 2010 for %N, %C, C:N,
δ15N, and δ13C analysis (n = 10). Samples were ground to a fine powder with a mortar and pestle
and processed on an elemental analyzer-isotope ratio mass spectrometer at the University of
Georgia Stable Isotope and Soil Biology Laboratory (Athens, GA, USA).

Data analysis
Two-way analysis of variance (ANOVA) was conducted to compare seasonal gs, Ψleaf,
ETR and stem hydraulic parameters among species. Two-way ANOVA was used to test for
significant interactions between season and species. In cases where a significant interaction
occurred, one-way ANOVAs were used to test for variations among species within a season and
to test for variations among seasons within species. One-way ANOVA was also used to compare
leaf chemistry and structural characteristics. Significant differences among species or seasons
were identified with Tukey tests (α = 0.05). Linear regression analysis was used to determine
relationships between ETRmax and ks max for each species and significance was determined using
SPSS 18.0 statistical software (SPSS Inc., Chicago, IL, USA).
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Results
Total precipitation during 2010 was 1175 mm and during 2011 it was 1259 mm.
However, the distribution of rainfall varied. During June, July and August 2010, 249 mm of
rainfall occurred, 2010 (Figure 1), while 472 mm occurred during this same interval in 2011. In
January and February 2010, there were 43 days where the minimum air temperature was 0 °C or
less, compared to 38 during the same interval in 2011. There were three days during January and
February where the maximum air temperature was less than 0 °C in 2010 and zero in 2011. For
both years, maximum air temperature occurred in July and minimum air temperature occurred in
January (Figure 1).

Photosynthetic activity
There was a significant interaction in ETRmax between species and months (F = 19.55, P
< 0.001). ETRmax of M. cerifera was the same as I. opaca and K. latifolia during March (F =
0.85, P = 0.438), but during the growing season ETRmax of M. cerifera was 33 - 67 % higher than
I. opaca or K. latifolia (Figure 2). ETRmax was similar between I. opaca and K. latifolia,
regardless of season. Additionally, ETRmax varied seasonally for each species (F = 50.81, 27.55,
and 95.14, P > 0.001 for each seasonal model of I. opaca, K. latifolia, and M. cerifera,
respectively, Figure 2). At α = 0.05, ETRmax for both I. opaca and K. latifolia was highest in
May and July, while rates for M. cerifera were highest in May, July, and September. ETRmax for
all species were lowest in January.
There was a significant interaction in gs between species and months (F = 30.16, P <
0.001). Midday gs was higher for M. cerifera during July (F = 42.57, P < 0.001) and September
(F = 70.75, P < 0.001) compared to I. opaca and K. latifolia (Figure 3). In March and May,
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midday gs of I. opaca was higher than M. cerifera (F = 8.34, P = 0.001 and F = 25.01, P < 0.001,
respectively). Midday gs of K. latifolia was lower than I. opaca and M. cerifera in May,
September, and November (F = 17.09, P < 0.001). There was also a significant interaction in
Ψleaf between species and months (F = 22.012, P < 0.001). Differences in Ψleaf were observed
among species during all sampled months (P < 0.01 in all cases, Figure 3). Differences in Ψleaf
were also observed among months for all species. For I. opaca, Ψleaf was lowest during March
and was similar among the other seasons (F = 64.17, P < 0.001). Ψleaf of K. latifolia was lower
in September than during July, while Ψleaf during March and November were similar to the other
seasons (F = 3.51, P = 0.025). Ψleaf of M. cerifera was significantly different during every
season (F = 71.89, P < 0.001). During months where gs was elevated for most species (i.e., July,
September, and November), midday Ψleaf ranged from a high of -0.8 ± 0.08 MPa (M. cerifera) to
a low of -2.3 ± 0.10 MPa (K. latifolia, M. cerifera).

Stem hydraulic properties
There was no significant interaction in ks initial between species and months (F = 1.00, P =
0.432). ks initial of M. cerifera (1.64 ± 0.14 kg s-1 MPa-1 m-1) was higher than I. opaca (0.59 ± 0.05
kg s-1 MPa-1 m-1) and K. latifolia (0.48 ± 0.06 kg s-1 MPa-1 m-1) throughout the year (F = 52.56,
P < 0.001, Figure 4). ks initial was lowest for all species during January, but remained similar for
all other seasons (F = 4.45, P = 0.008, Figure 4). No significant interaction existed in ks max
between species and months (F = 0.46, P = 0.835). While differences among species were
significant (F = 106.81, P < 0.001), there were no differences among seasons (F = 0.321, P =
0.810). ks max of M. cerifera (3.74 ± 0.24 kg s-1 MPa-1 m-1) was higher than I. opaca (0.69 ± 0.05
kg s-1 MPa-1 m-1) and K. latifolia (0.85 ± 0.06 kg s-1 MPa-1 m-1).
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There was no significant interaction in kL between species and months (F = 1.13, P =
0.361). kL did not vary among months (F = 1.51, P = 0.224). However, kL of M. cerifera was
significantly higher than I. opaca and K. latifolia (F = 34.64, P < 0.001, Figure 4). There was a
significant interaction in PLCmidday between species and months (F = 4.25, P = 0.002). In May
PLCmidday of Myrica (50 ± 4 %) was 73 % higher than I. opaca (14 ± 5 %) and 39 % higher than
K. latifolia (30 ± 2 %, F = 20.28, P < 0.001). PLCmidday was highest for K. latifolia in January (F
= 23.47, P < 0.001), while PLCmidday of I. opaca and M. cerifera remained consistent throughout
the year (F = 2.05, P = 0.153, and F = 1.91, P = 0.165, respectively). Myrica cerifera
experienced the most native embolism (i.e., highest PLC) for most of the year (Figure 4). During
the growing season, M. cerifera and I. opaca experienced the highest and lowest PLCmidday,
respectively.
Cavitation vulnerability curves showed that M. cerifera was more sensitive to cavitation,
especially at less negative Ψstem (Figure 5). PLC was not different among species at -6 MPa (F =
4.01, P = 0.078). Ilex opaca and K. latifolia exhibited similar vulnerability between 0 and -4
MPa (P > 0.05), but when stem water potential was -5 MPa and -7 MPa, I. opaca displayed more
vulnerability to cavitation than K. latifolia (P = 0.030 and 0.033, respectively, Figure 5).
A positive linear relationship (r2 = 0.97, P < 0.001) was found between ks max and ETR
during May and July, months in which ETR was highest for each species (Figure 6).
Relationships between leaf %N and ETR or leaf %N and ks max also varied linearly (r2 = 0.99, P =
0.04 and r2 = 0.99, P = 0.02, respectively, Figure 6).

Structural characteristics and tissue chemistry
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Leaves of M. cerifera contained more than twice as many stomata (F = 796.15, P <
0.001), which also had the shortest pore length (F = 156.27, P < 0.001, Table 1), as I. opaca and
three times as many as K. latifolia. Ilex opaca produced the thickest leaves (326 ± 11 µm) and
lowest SLA (0.72 ± 0.01 m2 g-1), while M. cerifera produced the thinnest leaves (195 ± 9 µm)
and highest SLA (1.1 ± 0.03 m2 g-1, Table 1). AL:AS of Myrica cerifera was the same as Kalmia
latifolia (P = 0.264) and significantly higher than I. opaca (P < 0.001, F = 7.87, P = 0.001, Table
1). Wood density, which was highest for K. latifolia, was the same between I. opaca and M.
cerifera (F = 5.47, P = 0.028, Table 1).
N content of leaves differed among species (F = 15968.98, P < 0.001); M. cerifera leaves
contained more than double %N in comparison to I. opaca or K. latifolia (Table 1). Differences
in %C were statistically significant (F = 14.9, P < 0.001, Table 2). δ15N values also varied by
species (F = 15968.98, P < 0.001) with M. cerifera having a less negative isotopic signature
(Table 2). C:N ratios were lowest for M. cerifera and highest for I. opaca (F = 5445.71, P <
0.001, Table 2). Myrica cerifera also displayed the lowest δ13C signature, and I. opaca had the
highest (F = 1515.55, P < 0.001, Table 2).

Discussion
Differences in photosynthetic and hydraulic efficiencies were disproportionate to the
range of leaf life span observed for shrubs in the understory of a temperate deciduous forest.
While others have demonstrated that photosynthetic performance declines predictably with
increasing life span (Wright et al. 2005, Marty et al. 2010, Letts et al. 2012), we found that Nfixation and N allocation to leaves were important components for enhanced photosynthetic
capacity that did not scale with differences in leaf longevity. Additionally, we observed that
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stem hydraulic characteristics were related to photosynthetic capacity among evergreen species
and that seasonal variation within ETR was critical to quantifying the relationship between
specific conductivity and ETR.
There was a strong seasonal component in photosynthetic capacity for all three species.
Myrica cerifera had an ETRmax similar to the other species during cooler months of the year,
while ETRmax was more than double that of I. opaca or K. latifolia during the warmer months
(Shiflett et al. in press). Midday gs of M. cerifera was also much lower in the winter and spring
than it was during the summer and autumn. During warmer months, midday gs of M. cerifera
was substantially higher than I. opaca or K. latifolia. Varations in seasonal gs and chlorophyll
fluorescence indicated that M. cerifera maintained a substantially higher photosynthetic potential
than I. opaca or K. latifolia, especially during spring and summer compared to autumn and
winter. Increased photosynthetic rates are a function of stomatal conductance, as increased
stomatal aperture allows for more CO2 to diffuse into leaves, yet this occurs at the expense of
water loss (Hubbard et al. 2001, Figure 7).
Another reason for high photosynthetic potential of M. cerifera is due to N-fixation and
N allocation to leaves (Chapin et al. 1987, Figure 7). More than half of leaf N is invested in the
photosynthetic apparatus (Hikosaka 2004). Myrica cerifera, which had the highest
photosynthetic capacity based on chlorophyll fluorescence, also produced leaves with
significantly higher %N than I. opaca or K. latifolia. In addition, δ15N signature of M. cerifera
leaves confirms N derived from fixation (Vitousek et al. 1989). High values of leaf N content in
M. cerifera have been reported from a high light coastal ecosystem as well (Brantley and Young
2008, Vick 2011). Differences in C:N ratios, which provide a relative measure of plant nutrient
use efficiency (NUE), also reflected differences in N-fixation capabilities and leaf longevity
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among species. As a symbiotic N-fixer, Myrica cerifera operates with dramatically lower NUE
than I. opaca or K. latifolia. In general, long-lived leaves tend to have high NUE (Small 1972,
Reader 1978), which also explains higher C:N ratios in I. opaca and K. latifolia.
In addition to NUE, leaf traits are particularly important to processes associated with
carbon assimilation, water relations and energy balance (Ackerly et al. 2002, Figure 7). SLA is
negatively correlated with leaf life span and carbon assimilation rates and is generally lower in
leaves of evergreen versus deciduous species (Reich et al. 1997). Lower SLA, due to thicker
leaves, contributes to leaf survival, nutrient retention, and protection from desiccation (Mooney
and Dunn 1970). This may explain why I. opaca and K. latifolia displayed substantially lower
SLA than M. cerifera. Also, small leaf size helps to maintain favorable leaf temperatures, by
reducing boundary layer resistance, and higher photosynthetic water-use efficiency under the
combination of high solar radiation and low water availability (Parkhurst and Loucks 1972,
Givnish and Vermeij 1976, Figure 7). Leaves of M. cerifera were significantly smaller (6.5 ±
0.5 cm2) and contained more than twice the number of stomata per unit leaf area than I. opaca or
K. latifola (16.7 ± 0.7 and 15.7 ± 0.9 mm2, respectively, Shiflett et al. in press), traits which
enhance photosynthesis (Figure 7). Yet, water use efficiency (WUE) of M. cerifera was lower
than I. opaca or K. latifolia. Within the same habitat, plants with a higher δ13C typically have
higher WUE than those with a lower carbon isotope ratio (Lauteri et al. 1993, Tan et al. 2009).
We observed that species with longer-lived leaves, which possessed lower hydraulic conductivity
and photosynthetic activity, also had higher WUE (Sobrado et al. 2003, Santiago et al. 2004,
Figure 7).
Feedbacks exist between photosynthetic and hydraulic functionality. Many researchers
have observed positive linear relationships between quantum yield of PSII, an index of
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photosynthetic capacity from which ETR is derived, and hydraulic conductivity per leaf area and
per sapwood area, variables related to hydraulic efficiency (Jones et al. 2010, Figure 7). Others
have demonstrated that gs and photosynthesis vary linearly with increased hydraulic conductance
(Hubbard et al. 2001). Consequently, plants with low water transport capacity often have
reduced gas exchange and lower rates of photosynthesis because rates of water loss from leaves
are limited by stem hydraulic supply (Brodribb and Feild 2000). Not only did M. cerifera show
reduced WUE, and increased gs and ETR during the peak of the growing season compared to I.
opaca and K. latifolia, but ks and kL were highest regardless of season.
Classic trade-offs between efficient xylem and safe xylem (i.e., xylem resistant to
cavitation) dictate that species with efficient xylem tend to be more vulnerable to cavitation than
those with safer xylem (Tyree and Sperry 1989, Sperry et al. 2002). The three species we
studied followed this convention. Ilex opaca and K. latifolia, which had lower ks and kL, were
also more resistant to cavitation than M. cerifera, as evident by PLC relationships. Plant species
with low hydraulic conductivity may allocate water to fewer leaves per unit stem area, thereby
increasing supply of water per unit leaf area (Tyree and Ewers 1991, Wright et al. 2005, Jones et
al. 2010). Our results were in agreement with recent findings. Ilex opaca and K. latifolia both
exhibited reduced hydraulic conductivity and photosynthetic potential compared to M. cerifera.
These species also allocated water to fewer leaves as evidenced by a lower AL:AS.
Photosynthesis per unit leaf area is strongly correlated with maximal stem conductivity
rather than initial stem conductivity, because initial stem conductivity is an in situ condition in
which cavitation might be present, and maximal stem conductivity represents a cavitation free
state (Santiago et al. 2004). We also found a significant relationship between hydraulic
conductivity and photosynthetic potential using maximum stem conductivity (Figure 7). The
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relationship between ETRmax and ks max was significant during spring and summer, months when
the ETR of M. cerifera is highest under light saturation. During warmer months, field
photosynthetic values of M. cerifera have been as high as 24 – 28 µmol m-2 s-1, compared to 4 –
8 µmol m-2 s-1 for K. latifolia and species closely related to I. opaca (Young 1992, Valladeres et
al. 2005, Hughes and Smith 2007). During other seasons, the ETRmax of M. cerifera is
constrained by temperature (Shiflett et al. in press).
Seasonal changes in temperature are important determinants of whether or not embolism
is drought or freezing induced. While freeze-thaw embolism was not the focus of this study, we
observed seasonal changes in PLCmidday that may have been related to shifts in the method of
embolism induction (Tyree and Sperry 1989). During January and February of both years of our
study, there were ~ 40 days where minimum air temperatures were at or below 0 °C and plants
may have experienced difficulty recovering from freeze-thaw induced embolism until new vessel
growth occurred in spring, as is typical for evergreens (Choat et al. 2011). This explains low
Ψleaf for I. opaca and M. cerifera in March. Further, PLCmidday observed in January suggests that
freeze-thaw induced embolism is more important for I. opaca and K. latifolia than droughtinduced embolism and that M. cerifera is similarly susceptible to freeze-thaw and drought
induced embolism.
Across taxa, plant structure in terms of wood density and vessel anatomy has been linked
repeatedly to hydraulic conductivity and vulnerability to embolism (Hacke et al. 2001, Santiago
et al. 2004), yet we did not observe this relationship. As leaf longevity increases, physiological
performance (e.g., hydraulic conductivity and photosynthetic capacity) tends to decrease, a trend
which we observed across evergreen shrubs of varying leaf longevities (Figure 7). However,
differences among species in physiological performance relative to leaf life span appear to be
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quite complex (Figure 7). Hydraulic conductivity is regulated by water balance parameters with
concurrent fluctuations in soil water availability (LoGullo and Salleo 1988, Sperry et al. 2002,
Figure 7). WUE is affected by a plant’s hydraulic capacity, and it is typically noted to decrease
with increasing hydraulic capacity (Sobrado et al. 2003). In our study, WUE efficiency of M.
cerifera was lower than species with reduced hydraulic capacity. Also, hydraulic capacity
influences the amount of leaf area that can be supported, depending on the water demands of that
foliage (Wright et al. 2005).
Hydraulic capacity has been linked to photosynthetic capacity such that increased
hydraulic capacity leads to enhanced photosynthetic capacity (Santiago et al. 2004, Jones et al.
2010). Myrica cerifera had both the highest hydraulic capacity and photosynthetic capacity.
This relationship is also impacted by leaf N because increased leaf N enhances photosynthetic
capacity (Chapin et al. 1987) explaining why photosynthetic capacity of M. cerifera was much
higher than anticipated based solely on leaf longevity. Therefore, while hydraulic capacity can
be used to estimate photosynthetic capacity, measuring leaf N is an important variable to
consider when using hydraulic capacity to predict photosynthetic capacity.
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Table 3.1. Anatomical and structural characteristics of I. opaca, K. latifolia, and M. cerifera.
Significant differences (P < 0.05) among species for a given characteristic are represented by
letters. Mean values are presented with ± 1 standard error (SE).

Characteristic

N

I. opaca

K. latifolia

M. cerifera

Stomatal density (no. mm-2)

25

190 ± 4a

151 ± 4b

450 ± 8c

Stomatal pore length (µm)

25

19 ± 5a

14 ± 3b

11 ± 2c

Leaf thickness (µm)

10

326 ± 11a

256 ± 6b

195 ± 9c

Specific leaf area (cm2 g-1)

25

72 ± 1a

94 ± 2b

107 ± 3c

Leaf area: sapwood area (m2 cm-2)

25

0.22 ± 0.01a

0.28 ± 0.01b

0.31 ± 0.01b

Wood density (g cm-3)

4

0.53 ± 0.02a

0.60 ± 0.02b

0.55 ± 0.01a
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Table 3.2. Leaf tissue chemistry of I. opaca, K. latifolia, and M. cerifera. Significant differences
(P < 0.05) among species for a given variable are represented by letters. Mean values are
presented with ± 1 SE.

Species

δ15N

%N

C:N

%C

δ13C

I. opaca

-6.27 ± 0.32a

0.97 ± 0.01a

42.74 ± 0.26c

48.10 ± 0.07a

-30.07 ± 0.01a

K. latifolia

-5.58 ± 0.01b

1.02 ± 0.01b

40.86 ± 0.19b

48.51 ± 0.06b

-30.67 ± 0.02b

M. cerifera

-1.73 ± 0.01c

2.30 ± 0.01c

18.02 ± 0.05a

48.25 ± 0.03a

-31.08 ± 0.01c
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Figure legends

Figure 3.1. Monthly precipitation and weekly mean air temperature from January 2010 to
December 2011. Solid lines indicate maximum air temperature and dashed lines indicate
minimum air temperature.

Figure 3.2. Seasonal maximum electron transport rate (ETRmax). Error bars represent ± 1 SE of
the mean. Significant differences (P < 0.05) among species during a given month are represented
by letters. A notation of ns indicates no significant differences were observed.

Figure 3.3. Bimonthly stomatal conductance (gs) and leaf water potential (Ψleaf). Error bars
represent ± 1 SE of the mean. Significant differences (P < 0.05) among species during a given
month are represented by letters.

Figure 3.4. Seasonal initial specific conductivity (ks initial), maximum specific conductivity (ks
max),

midday percent loss of conductivity (PLCmidday), and initial leaf specific conductivity (kL

initial).

Error bars represent ± 1 SE of the mean. Significant differences (P < 0.05) among species

during a given month are represented by letters.

Figure 3.5. Percent loss of conductivity (PLC) in response to increased xylem pressure (Ψstem) of
three evergreen species: I. opaca (●), K. latifolia (○) and M. cerifera (▲). Significant
differences among species (P < 0.05) are represented by an *.
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Figure 3.6. (A) Linear regression of maximum electron transport rate (ETRmax) during May and
July against maximum specific conductivity (ks max, y = 24.9x + 94.1). (B) Linear regression of
leaf N content against maximum electron transport rate (ETRmax) during July (y = 72.9x + 35.4).
(C) Linear regression of leaf N content against maximum specific conductivity (ks max) during
July (y = 27.3x – 2.0). Error bars represent ± 1 SE of the mean.

Figure 3.7. Linkages among hydraulic efficiency, photosynthetic capacity, leaf traits and
nutrients and how these parameters relate to leaf longevity and physiology of temperate forest
understory evergreen shrubs.
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Abstract
While many studies have documented the causes of woody expansion into grasslands
(e.g. fire suppression, reduced grazing, rising atmospheric CO2 concentrations), few address
unique morphological and physiological traits that facilitate expansion. Myrica cerifera, an
evergreen N-fixer, is the dominant shrub on many barrier islands of the southeastern United
States. It has expanded its cover by ~ 400 % on Hog Island, Virginia in the past 50 years.
Accretion of the northern end of the island has resulted in a chronosequence (i.e. space for time
substitution) of both soil age and shrub thicket development. We investigated functional traits
and physiological parameters related to light capture, processing and water balance of M.
cerifera across shrub thickets of four age classes from ~10 - ~50 yrs. We hypothesized that light
processing capabilities and hydraulic capacity would be reduced with thicket age. Spatial
variation in morphology (i.e. leaf thickness, leaf area) and structure (i.e. leaf angle) related to
light capture was observed. Yet, little or no differences were detected in stomatal density,
photosynthetic pigments, electron transport rate (ETR) and hydraulic conductivity across sites.
Previous research has shown declines in leaf N content, productivity and leaf litter production
across the chronosequence. In contrast, we observed that physiology remains consistent despite
considerable differences in thicket age and development. Myrica cerifera maintains high
photosynthetic and hydraulic efficiency, factors which enable expansion and maintenance of
shrub thickets in mesic coastal environments.

Keywords: chronosequence, chlorophyll fluorescence, ETR, hydraulic conductivity, shrub
expansion
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Introduction
Woody expansion into grasslands, especially via shrubs, has been documented in a
variety of ecosystems worldwide (Wessman et al. 2004; Briggs et al. 2005; Sturm et al. 2005;
Knapp et al. 2008; Ward 2010). For example, in the past 50 years, substantial increases in
woody cover have occurred within numerous coastal ecosystems, particularly barrier islands,
along the Atlantic and Gulf coasts of North America (Young et al. 2007; Battaglia et al. 2007;
Owens and Moore 2007). A key driver of plant community composition and primary
productivity on barrier islands is availability of nutrients, mainly N (Art et al. 1974).
Consequently, the dominant woody species on many barrier islands of the southeastern United
States is the N-fixing shrub Myrica cerifera, which forms a symbiotic relationship with the
actinomycete Frankia, and thus has access to an adequate source of N and is well adapted to
low-nutrient coastal soils (Young 1992; Brantley and Young 2007). Additionally, an evergreen
leaf habit promotes nutrient transport and conservation (Monk 1966). High leaf area index (LAI)
of M. cerifera leads to substantial reductions in subcanopy light penetration (Brantley and Young
2007). Further, M. cerifera also has high leaf N content, photosynthetic rates, growth-rates and
bird dispersed seeds, all factors which enable it to form dense, nearly monospecific thickets on
islands that are otherwise dominated by grasslands (Young 1992; Young et al. 2007; Shiflett and
Young 2010; Zinnert et al. 2011).
Plant functional traits, especially physiology pertaining to assimilation of water, light and
nutrients, directly influence plant growth (Ackerly et al. 2000) and may explain success of
rapidly expanding woody species (Baruch and Goldstein 1999). For instance, traits associated
with light capture (e.g. specific leaf area, stomatal density, chlorophyll concentration) may lead
to higher photosynthetic rates. Similarly, traits associated with water transport (e.g. leaf area to
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sapwood area ratio, specific leaf area) may allow for enhanced hydraulic conductivity or
hydraulic supply to leaves. Increases in hydraulic capacity are linked to enhanced photosynthetic
capacity (Brodribb and Feild 2000; Brodribb et al. 2002; Jones et al. 2010), stomatal
conductance, and subsequent CO2 fixation, growth rates, and productivity (Meinzer and Grantz
1990; Sperry 2000). Therefore, study of functional traits and resulting performance of
photosynthetic and hydraulic systems may identify mechanisms most responsible for rapid rates
of shrub expansion.
Accreting shorelines on barrier islands, which result in large variations in community age
over relative small spatial scales, provide a unique opportunity to study drivers and consequences
of shrub expansion (Hayden et al. 1991). Fluctuations in island size and shape, caused by natural
variations in currents, affect erosion and deposition of sand, alter shoreline position, and impact
the size of the freshwater lens (Hayden et al. 1991). Typically, dune building grasses colonize
islands following accretion. Yet, from 1949 to 1989, Hog Island, a barrier island along the
Virginia Coast, also experienced a 400 % increase in shrub cover following expansion of the
northern end of the island (Young et al. 2007) and a 285 % increase in shrub cover from 1984 to
2010 despite almost no change in total island area during this time interval (Zinnert et al. 2011).
Consequently, the high LAI (up to 12, Brantley and Young 2010) and annual net primary
productivity (ANPP, 1500 g m-2, Knapp et al. 2008) of M. cerifera causes high summer
evapotranspiration (Shao et al. 1995) and continued expansion of this shrub increases demand for
freshwater, which inherently causes fluctuations in the size of the freshwater lens. Aguilar et al.
(2012) reported that woody vegetation uses water so efficiently that in a dry year, when
evapotranspiration processes are more relevant, productivity hinges on the freshwater lens and is
closely related to water availability from the recent past whereas during wet years, water
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availability from the freshwater lens is not as important. The feedback between woody
vegetation and fluctuations in the freshwater lens (Shao et al. 1995; Aguilar et al. 2012)
highlights the importance of understanding the efficiency and limitations of water transport in M.
cerifera and how this leads to enhanced productivity with continued expansion on barrier islands.
Shrub expansion on Virginia’s barrier islands is not related directly to increases in upland
area and shares many characteristics with the broader global trend of woody expansion (Young
et al. 2007). Young et al. (2007) demonstrated that shrub thicket area increased on 12 of 15
Virginia barrier islands, despite decreases in island area on some islands. Further, Zinnert et al.
(2011) reported that the majority of increases in woody cover on Hog Island occurred from
expansion of pre-defined thickets as opposed to individuals colonizing new habitat as a
successional process. This suggests that increased habitat through accretion (i.e. succession)
alone does not explain the rapid rate of woody expansion (Zinnert et al. 2011). Our objective
was to determine the underlying physiological functional traits of woody expansion resulting in
increased cover of M. cerifera. We investigated changes in leaf morphology and physiology
related to light processing and hydraulic capacity to determine if they were reduced across a
chronosequence (i.e. space for time substitution) of shrub thicket development. Previous
research has shown declines in leaf N, productivity and leaf litter production across the
chronosequence (Young 2007; Brantley and Young 2008). Moreover, the oldest thicket has
demonstrated signs of senescence (Crawford and Young 1998). Because the oldest thicket
shows the most signs of senescence, and previous work has demonstrated loss of productivity
across the chronosequence, we hypothesized that light processing capabilities and hydraulic
capacity would be reduced with thicket age.
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Methods
Site description
Thickets of M. cerifera, the dominant woody species on Mid-Atlantic barrier islands
(Ehrenfeld 1990), were sampled across the northern end of Hog Island, a barrier island located
~10 km east of the Eastern Shore of Virginia, USA (37° 27’ N, 75° 40’ W; Fig. 1). Hog Island is
~1000 ha, 10 km long and 2.5 km across at its widest point. It is part of the Virginia Coast
Reserve, an NSF-funded Long-Term Ecological Research site, managed by The Nature
Conservancy. The northern portion of the island has been accreting ~5 m yr-1 since the late
1800s resulting in a chronosequence of progressively younger soils from the bayside of the
island to the oceanside (Hayden et al. 1991; Shao et al. 1998). In the mesic swales that separate
dune ridges, a series of progressively older, dense thickets, dominated by M. cerifera, has
developed across the Hog Island chronosequence. The four resulting thickets, which represent
different stages in shrub thicket development, here after designated as the Colonizing (~12 yrs),
Young (~20 yrs), Mid-Island (~30 yrs), and Bayside (~50 yrs) thickets (Fig. 1). Canopy height
ranges from up to 4 m at the Colonizing site, 4 - 5 m at Young site, and 5 - 6 m at oldest sites.
The two sites closest to the ocean (i.e. Colonizing and Young thickets) are more exposed to
abiotic stressors including salt deposition and increased wind speed, whereas the sites closer to
the bayside of the island (i.e. Mid-Island and Bayside thickets) are more protected (Naumann et
al. 2009). Shrub thickets now cover more than 30 % of the island (Zinnert et al. 2011). All
measurements were taken during June and July 2012.

Leaf anatomy
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Functional traits that we quantified represented morphological and physiological traits
and were linked to primary resources of light and water. Leaf anatomical traits related to light
capture included stomatal density (n = 25), leaf area (n = 25), leaf thickness (n = 10) and specific
leaf area (SLA, n = 25). Stomatal density was determined using leaf peels by counting stomata
under a light microscope at 40 x magnification. Leaf area was quantified using a leaf area meter
(LI-3100C). Leaf thickness was determined under a dissecting microscope using an ocular
micrometer. SLA was calculated from leaf area and mass after oven drying samples at 70° C for
72 hours (Young and Yavitt 1987).

Light capture and processing
Other leaf functional traits related to light capture and photosynthetic capacity included
leaf angle, electron transport rate (ETR), and leaf pigments. At each site, leaf angle to the
horizontal (θ, n = 100) was quantified to the nearest 5º using a clinometer placed along the leaf
mid-axis. In order to quantify photosynthetic capacity, rapid light curves (RLCs, n = 5) were
also measured at each site. These measurements were conducted on fully expanded, light
adapted leaves using a pulse amplitude modulated leaf fluorometer (PAM-2000, Walz,
Effeltrich, Germany). Leaves were exposed to eight increasing steps of PAR
(photosynthentically active radiation) ranging from 2 to 1150 mol m-2 s-1. We had anticipated
that leaves would be exposed to PAR up to 1700 mol m-2 s-1 to correspond to full sun exposure;
however constraints were imposed on the MINI-PAM instrument due to both excessive heat and
battery limitations. After exposure to each light intensity, quantum yield of PSII (F/ F′m) was
measured. Electron transport rate at each light intensity was calculated as:
[1]
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where 0.84 is the assumed light absorbance of the sample, and 0.5 corrects for 2 quanta of light
required for the transport of 1 electron (Stemke and Santiago 2011). In order to assess leaf
pigments, chlorophyll concentrations were quantified using standard spectrophotometric
methods following acetone extraction (Lichtenthaler 1987).

Hydraulic conductivity and water balance
Functional traits related to water use and balance included stem and leaf hydraulic
conductivities, leaf area to sapwood area ratio, and leaf relative water content (RWC). Stem
hydraulic conductivity was measured after clipping branches (4 - 5 per site) in the field at
midday. Samples were sealed in opaque plastic bags and transported to the laboratory for
analysis using methods outlined by Sperry et al. (1988). In the laboratory, stem segments (10 cm
long and 10 - 13 mm dia) were excised under water to prevent xylem embolism and then
connected to a tubing apparatus. The hydraulic conductivity manifold consisted of an IV-bag
using low gravitation pressure (~5 kPa) to supply a filtered (0.2 μm) 20 mM KCl solution to the
stem segment. Removal of in situ embolisms was inhibited by a low hydraulic head. In order to
determine flow rate, an analytical balance (Model PA64, Ohaus) was connected to a computer
and hydraulic conductivity was calculated as the mass flow rate of the solution through the stem
segment divided by the pressure gradient along the segment path length (kh, kg m s-1 MPa-1).
Maximum hydraulic conductivity (kh max) was measured after vacuum infiltration of stems for
two hours to dissolve any embolisms present (Hietz et al. 2008). Percent loss of conductivity at
midday (i.e. native embolism, PLCmidday) was quantified by relating initial and maximum
conductivities.
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In order to determine leaf specific conductivity (kL), total leaf area distal to excised stem
segments was quantified using a leaf area meter (Model LI-3100c, LICOR). Selected stem
segments were dyed with 0.1 % filtered safranin using a low pressure (~ 1.5 kPa) gravitational
siphon, stem segments were cross sectioned at their mid-points, and then sapwood area was
quantified using microscopy and image analysis software (ImageJ). Specific conductivity (ks,
kg s-1 MPa-1 m-1) was calculated from kh divided by sapwood area following safranin staining.
Leaf area to sapwood area ratio (AL:AS) was determined by comparing leaf area distal to
collected stem segments with the sapwood area of the stem segment. In order to determine
branching relationships, branches of given basal diameters (e.g. every cm from 1 - 6) at caliper
height (0.7 m) were selected at each site and the number of primary branches were quantified.
Leaf RWC (n = 25) was determined by weighing samples immediately upon return from
the field, saturating samples overnight and weighing them, and then drying samples at 80°C for
72 hours and re-weighing.
[2]

Statistical analysis
One-way analysis of variance (ANOVA) was conducted to compare RWC, leaf
characteristics, leaf angle, ETR, and hydraulic parameters among sites. Linear regression
analysis was used to determine relationships between basal diameter and the number of primary
branches at each site. All statistics were performed with SPSS 18.0 statistical software (SPSS
Inc., Chicago, IL, USA)
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Leaf anatomy
Stomatal density was unchanged across the chronosequence (F3, 77 = 2.09, P = 0.106,
Table 1). Leaves became thinner across the chronosequence from the Colonizing site (235 ± 11
µm) to the Bayside site (132 ± 8 µm, F3,77 = 20.39, P < 0.001, Table 1). Leaf area was highest at
the Bayside thicket (F3,17 = 4.78, P = 0.004) and lowest at the two sites closest to the middle of
the island. Specific leaf area also changed across the chronosequence (F3,77 = 22.22, P = 0.001)
and was lower at the Colonizing (109 ± 4 cm2 g-1), Young (100 ± 3 cm2 g-1), and Mid-Island
thickets (100 ± 5 cm2 g-1) than at the Bayside thicket (143 ± 5 cm2 g-1, Table 1).

Light capture and processing
Leaf angle varied across the chronosequence (F3,397 = 6.82, P < 0.001, Fig. 2). More
leaves were oriented vertically to the horizontal at exposed sites (e.g. Colonizing and Young
thickets), while leaves were oriented horizontally at the oldest thicket (i.e. Bayside). Leaf angle
of the Mid-Island thicket was similar to both groups (Fig. 2). Total chlorophyll and chlorophyll
a:b ratios did not vary among sites, (F3,17 = 0.85, 1.74 and P = 0.487,0.200, respectively; Fig. 3).
Carotenoid content did vary among sites (F3,17 = 4.34, P = 0.020). Carotenoid content was
lowest at the Bayside thicket (18 ± 5 mg m-2) and higher at exposed thickets (38 ± 5 and 38 ± 2
mg m-2 for the Colonizing and Young thickets, respectively), though carotenoids present at the
Colonizing thicket (32 ± 12 mg m-2) were similar to all other thickets (Fig. 3). In June and July,
ETR did not vary among sites at PAR ≤ 800 µmol m-2 s-1 (F3,17 < 1.7 and P > 0.1 in all cases),
but it was higher at the Colonizing and Young sites at 1150 µmol m-2 s-1 PAR (F3,17 = 4.93, 3.85,
P = 0.013, 0.030, respectively Fig. 4).
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Hydraulic conductivity and water balance
ks, both initial and maximum, did not vary among sites (F3,13 = 2.25, 0.27 and P = 0.135,
0.848, respectively, Table 2). PLCmidday did change across the chronosequence (F3,13 = 6.47, P <
0.007) with lowest PLCmidday occurring at the Colonizing thicket (19 ± 4 %) and the highest at
the Bayside thicket (54 ± 5 %, Table 2). kL initial also varied among sites (F3,13 = 4.12, P = 0.026)
with the highest kL initial occurring at the Mid-Island thicket (10 ± 1 x 10-4) and the lowest at the
Bayside thicket (4 ± 1 x 10-4, Table 2). The Colonizing and Young thickets were similar to the
Mid-Island and Bayside thickets. Yet, kL max did not vary among thickets (F3,13 = 2.18, P =
0.143). Basal diameter at 0.7 m height and the number of distal primary branches were related
(r2 = 0.95, P < 0.001, Fig 5). This relationship was similar at all four sites (data not shown) and
thus combined into a larger regression model that included data from all sites. Leaf RWC varied
among sites (F3,57 = 4.09, P = 0.011, Table 2); it was lowest at the Mid-Island thicket and highest
at the Young and Bayside thickets. AL:AS was highest at the Young thicket (0.44 m2 cm-2) and
lowest at the Mid-Island thicket (0.22 m2 cm-2), while AL:AS at the other two thickets was similar
to both groups (F3,14 = 4.30, P = 0.026, Table 1).

Discussion
Plant functional traits representative of morphology and physiology may indicate
physiological mechanisms of shrub expansion on barrier islands. Traits associated with light
capture and hydraulic capacity can explain rapid growth and enhanced productivity that is
frequently associated woody expansion (Knapp et al. 2008). We investigated underlying
morphological and physiological functional traits of woody expansion resulting in increased
cover of M. cerifera. We observed robust (i.e. little to no variation) physiology along a
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chronosequence of thicket development. Typically, moving away from the shoreline, abiotic
factors influence thicket exposure, such as the exponential decrease in salt deposition and wind
speed, overwash, and disturbance (Day et al. 2001; Stallins and Parker 2003). Variation in leaf
characteristics from east (Colonizing thicket) to west (Bayside thicket) corresponded to exposure
to abiotic stressors and solar irradiance. Our leaf morphology data supports earlier findings of
differences in thicket age and exposure to abiotic stressors. The Colonizing thicket, which had
the thickest leaves and lowest SLA is least-protected from wind and salt spray (Naumann et al.
2009). It also has a different structure than the other thickets; it is dominated by smaller stems
that are more densely packed (Brantley and Young 2007). Leaf angles were likely steepest at the
Colonizing and Young thickets because they are not as protected as the Mid-Island and Bayside
thickets. At the edge of the Colonizing thicket, increased wind speed reduces leaf boundary
layer thickness and increases convective heat exchange (Lambers et al. 2006); however,
evapotranspirative demand may be increased closer to the ocean due to changes in windspeed
and boundary layer thickness. Smaller leaf size and lower SLA of the Colonizing thicket also
helps leaves to maintain favorable leaf temperatures by reducing boundary layer thickness
(Parkhurst and Loucks 1972; Givnish and Vermeij 1976). The Bayside thicket had the largest
average leaf area, the thinnest leaves and leaf angles closest to horizontal. These results suggest
that abiotic stress effects are less severe relative to thickets closer to the ocean.
While there were differences in some leaf functional traits related to light capture (e.g.
leaf angle, leaf thickness and SLA), stomatal density remained unchanged across the
chronosequence. Many researchers have reported stomatal density responses to various abiotic
factors including heat stress (Beerling and Chaloner 1993), salt stress (Zhao et al. 2006) and
drought (Zhao 2001; Galmés et al. 2007; Xu and Zang 2008). Water deficits lead to increases in

98

stomatal density (Yang and Wang 2001; Zhao et al. 2006; Xu and Zhang 2008) and decreases in
stomatal size (Quarrie and Jones 1977; Spence et al. 1986) allowing for enhanced drought
tolerance (Martínez et al. 2007). Myrica cerifera responds quickly to drought by stomatal
closure (Naumann et al. 2007). Despite known gradients in salinity exposure, and consequently
abiotic stress, across the chronosequence (Day et al. 2001), stomatal density was unaffected.
Naumann et al. (2008) demonstrated rapid decreases in stomatal conductance with increased
salinity exposure and flooding in M. cerifera. Not only would this enable the survival of shortterm salinity flooding by keeping tissue chloride concentrations low within the leaves, but it may
also partially explain why stomatal density was unaffected despite a gradient in salinity
exposure. Similar stomatal density among plants of the same species may also contribute to
similarities in gas exchange (Xu and Zhang 2008). Stomatal density of M. cerifera across the
chronosequence ranged from 323 – 358 stomates per mm2, which is higher than stomatal density
of the co-occurring deciduous shrub Baccharis halimifolia (124 ± 8 stomates per mm2, Shiflett,
unpublished data). The stomatal density of M. cerifera on Hog Island is also higher than other
evergreen shrubs (e.g., 190 ±4, and 151 ± 4 stomates per mm2 for Ilex opaca and Kalmia
latifolia, respectively), but lower than reported values for M. cerifera growing in an understory
environment (450 ± 8, Shiflett et al. 2013). Increased stomatal density can enhance the potential
for control over water loss rate and CO2 uptake.
There were no changes in leaf pigments such as total chlorophyll or chlorophyll a:b ratios
among sites. However, a significant decline in carotenoid content was observed at the Bayside
site. Carotenoids can serve both light capture and photoprotective functions (Demmig-Adams et
al. 1996). The increased carotenoid content at exposed sites may be linked to the increased need
for excess energy dissipation. Less abiotic stressors are present at the Baysite site which

99

explains lower carotenoid concentration relative to other sites. Reductions in chlorophyll
pigment concentrations are frequently associated with increasing plant stress (Zinnert et al.
2012). Yet, even during increasing stress associated to salinity exposure, M. cerifera is resistant
to breaking down chlorophyll (Zinnert et al. 2012). Maintenance of stable chlorophyll
concentration may allow for fast photosynthetic recovery in dynamic environments, such as
barrier islands (Zinnert et al. 2012). This may also explain the high values of ETR observed
across the chronosequence. Quantum yield, expressed in terms of ETR, did not vary across the
four sites, except when PAR was 1150 µmol m-2 s-1. Highest ETR was observed at the
Colonizing and Young thickets, the most exposed (i.e., stressed) sites. These sites are also more
productive than the other sites (Brantley and Young 2008). Yet, when incident solar radiation
was ~1000 µmol m-2 s-1 or below, all thickets showed the same potential for light processing.
Hydraulic supply is an important component that is related to photosynthetic performance
because rates of photosynthesis generally increase with increased hydraulic supply (Brodribb and
Feild 2000; Brodribb et al. 2002; Santiago et al. 2004; Jones et al. 2010). Many researchers have
observed positive linear relationships between quantum yield of PSII (F/ F′m), an index of
photosynthetic capacity, and hydraulic conductivity per leaf area and per sapwood area, a
measure of hydraulic efficiency (Jones et al. 2010). Myrica cerifera, though an evergreen, has
photosynthetic rates similar to or higher than eastern deciduous shrubs (Young 1992). Reported
values of net photosynthesis of M. cerifera are as high as 24 - 30 µmol CO2 m-2 s-1 (Young
1992), compared to rates between 4 - 10 µmol CO2 m-2 s-1 that are typical for temperate
evergreens (Hughes and Smith 2007). We expected that M. cerifera would have relatively high
hydraulic conductivity to support increased photosynthetic rates. We also expected to detect
subsequent declines in hydraulic capacity if quantum yield (or ETR) changed across the island
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(Santiago et al. 2004; Jones et al. 2010). However, hydraulic conductivity, like ETR, remained
consistent across the chronosequence. Differences were only observed for kL initial, which was
highest at the Mid-Island site. While the Colonizing site is the most exposed thicket on the
landscape, the Mid-Island site, centrally located at a stable portion of the island, showed mild
signs of stress. For instance, it had a slightly lower RWC and AL:AS compared to the other sites.
Reduced AL:AS was due to a decline in supported leaf area because sapwood area was held
constant among sites. A decline in leaf area supported for a given branch area at the Mid-Island
site also explains increased kL initial. Yet, the Mid-Island thicket displayed no differences from the
other sites in terms of kL max, ks initial, ks max or ETR ≤ 800 µmol m-2 s-1. This site was flooded when
branches were removed (personal observation), which may have led to increased leaf drop.
Not only did ETR and hydraulic conductivity remain consistent across the island, but
branching patterns were also conserved across the chronosequence. Branching patterns in terms
of branch bifurcation ratios (i.e. a measure of the number of smaller branches that derive from
the next larger size branch) have also been positively correlated to light attenuation in M.
cerifera (Brantley and Young 2010). Light levels within shrub thickets on Hog Island were as
low as 0.7 % of above-canopy PAR (Brantley and Young 2007). In addition, support structure is
an important trait for optimizing light capture because it affects the distribution of leaves in
canopy space, increasing light interception while minimizing self-shading (Takenaka et al. 2001;
Kitajima et al. 2005). Values of leaf area index (LAI) exceeding 12 have been reported for shrub
thickets on Hog Island, further explaining the dramatic decreases in sub-canopy light penetration
and demonstrating the ability of this species to efficiently intercept light (Brantley and Young
2007).
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Similarities in branching patterns and hydraulic conductivity among sites may indicate
that hydraulic architecture (i.e. the spatial pattern of hydraulic resistance in a plant’s branch
system) is conserved with thicket age (McCulloh and Sperry 2005). Basal diameter, which was a
useful predictor of branching patterns across the island, could be used for further investigation of
allometric relationships and determination of factors such as evapotranspirative demand of
woody foliage across the landscape. Changes in landcover type, from grassland to shrubland, are
accompanied by dramatic increases in water demands (Huxman et al. 2004) and would therefore
affect freshwater supply on the islands. Moreover, the model MCHOG, developed by Shao et al.
(1995) simulates transpiration of woody vegetation on barrier islands and demonstrates the
importance of soil water to productivity. High LAI of M. cerifera and low water holding
capacity of sandy soils leads to a rapid decrease in soil water content and reduced transpiration
during extended periods without precipitation (Shao et al. 1995; Aguilar et al. 2012). Future
models could incorporate patterns in branching, hydraulic architecture and conductivity,
vulnerability to embolism, LAI, stomatal density, and stomatal sensitivity to drought across the
landscape to understand how increased cover of M. cerifera will alter freshwater availability.
While several factors related to growth and productivity decline (e.g. N, litter production)
across the chronosequence (Young 2007; Brantley and Young 2008), our results demonstrate
that physiology remains consistent despite considerable differences in thicket age and
development. While the Colonizing and Bayside sites showed differences in leaf morphological
traits (e.g., leaf thickness, SLA), similar physiology occurred at these sites, located on opposite
ends of the chronosequence. In addition to previously identified characteristics that contribute to
the expansion of M. cerifera, robust stomatal density, chlorophyll content, ETR, and hydraulic
conductivity of M. cerifera are mechanisms that allow for high LAI, photosynthetic rates, and
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ANPP. Further, resilient physiological functioning of M. cerifera promotes successful seedling
establishment and initial thicket development, as well as maintenance and expansion of existing
thickets.
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Table 4.1. Leaf anatomical and structural characteristics of M. cerifera across a barrier island
chronosequence. Significant differences (P ≤ 0.05) among sites for a given characteristic are
represented by letters. Mean values are presented with ± 1 standard error (SE).
Characteristic

N

Colonizing

Young

Mid-Island

Bayside

Stomatal density (no. mm-2)

25

323 ± 6

344 ± 13

342 ± 10

358 ± 10

Leaf thickness (µm)

10

235 ± 11a

197 ± 9b

161 ± 11bc

132 ± 8c

Leaf area (cm2)

25

6.3 ± 0.4ab

5.8 ± 0.3b

5.8 ± 0.4b

8.1 ± 0.8a

Specific leaf area (cm2 g-1)

25

109 ± 4b

100 ± 3b

100 ± 5b

143 ± 5a
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Table 4.2. Hydraulic characteristics of M. cerifera across a barrier island chronosequence.
Significant differences (P ≤ 0.05) among sites for a given characteristic are represented by
letters. Mean values are presented with ± 1 SE.
Hydraulic characteristic

Colonizing

Young

Mid-Island

Bayside

ks initial (kg s-1 MPa-1 m-1)

2.22 ± 0.09

1.82 ± 0.15

1.74 ± 0.32

1.24 ± 0.39

ks max (kg s-1 MPa-1 m-1)

2.78 ± 0.17

2.96 ± 0.22

2.64 ± 0.21

2.60 ± 0.52

kL initial (10-4) (kg m-1 s-1 MPa-1)

7.51 ± 0.83ab

5.01 ± 0.61ab

9.61 ± 1.70a

4.45 ± 1.10b

kL max (10-4) (kg m-1 s-1 MPa-1)

9.34 ± 0.98

8.16 ± 1.04

AL:AS (m2 cm-2)

0.37 ± 0.02ab

0.44 ± 0.09a

0.22 ± 0.07b

15.30 ± 2.61

10.19 ± 3.06
0.36 ± 0.03ab

PLCmidday (%)

19 ± 4b

38 ± 4ab

35 ± 8ab

54 ± 5a

RWC (%)

80 ± 1ab

82 ± 1a

78 ± 1b

83 ± 1a

112

Figures
Figure 4.1. Eastern Shore of Virginia, US (left) and the northern end of Hog Island (top right)
showing the four main thickets across the chronosequence. Bold letters C, Y, M, and B represent
the Colonizing, Young, Mid-Island and Bayside thickets, respectively. The senior author (1.6 m
height) following the access trail across this island, at the Mid-Island thicket (bottom right).

Figure 4.2. Frequency distributions of leaf angles relative to horizontal of M. cerifera for four
thickets along a barrier island chronosequence. Distributions are divided into 15° classes. Mean
leaf angle ± 1 SE is presented for each site.

Figure 4.3. Total chlorophyll (top), chlorophyll a:b ratio (middle), and carotenoid content
(bottom) of M. cerifera at four sites across a barrier island chronosequence. Significant
differences (P ≤ 0.05) among sites are represented by letters. Error bars represent ± 1 SE of the
mean.

Figure 4.4. ETR resulting from increased light intensity of rapid light curves (RLCs) for M.
cerifera. Error bars represent ± 1 SE of the mean. Significant differences (P ≤ 0.05) among sites
at specified PAR are represented by letters.

Figure 4.5. Relationship between basal diameter and the number of distal primary branches for
M. cerifera shrubs across a barrier island chronosequence.
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Abstract
Woody expansion has been documented for decades in many different systems globally,
often the result of anthropogenic disturbances to the environment and yielding vast changes in
ecosystem functioning. While causes and consequences of woody expansion have been well
documented, few studies have addressed functional traits that promote dramatic and rapid
expansion in range. Our objectives were to investigate functional traits that contribute to the
rapid expansion and thicket formation of an invasive, N-fixing shrub, Elaeagnus umbellata
Thunb. (Elaeagnaceae), and a native, N-fixing shrub Myrica cerifera (L.) Small (Myricaceae).
Quantified functional traits included morphological and physiological characteristics and were
linked to two primary resources: light and water, which directly influence plant growth.
Elaeagnus umbellata and M. cerifera rely on two different strategies to maximize carbon gain,
yet resulting efficiency is similar. Elaeagnus umbellata invests a substantial amount of energy
into growth during a short amount of time (i.e., deciduous growing season), while M. cerifera is
productive year-round, though during the summer months, growth is similar to co-occurring
deciduous species. Overall, functional traits of E. umbellata and M. cerifera allowed for
enhanced light capture and water movement, and reductions in subcanopy light penetration.
These factors contribute to rapid range expansion and thicket formation by promoting enhanced
productivity and limiting successful colonization of other species. Our results indicate that there
may be suites of functional traits linked to expansive success and thicket-formation, yet
differences in functional traits may represent alternative strategies leading to rapid growth and
thicketization.
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Introduction
Range expansion of woody species, especially shrubs, has been documented in a variety
of ecosystems worldwide (Wessman et al., 2004; Briggs et al., 2005; Sturm et al., 2005; Knapp
et al., 2008; Ward, 2010; Eldridge et al., 2011). Shrubs have a unique growth form that is
efficient for exploiting horizontal space and minimizing self-shading via formation of a dense
vertical array of leaves through the canopy (Knapp et al., 2008). In mesic habitats both leaf area
index (LAI) and annual net primary productivity (ANPP) for shrub dominated patches can
exceed that of most temperate forests (Knapp and Smith, 2001; Huxman et al., 2004; Knapp et
al., 2008). A shift in growth form is accompanied by alterations in life history characteristics
and resource use, which combined modify the local environment and alter community structure
and function (Throop and Archer, 2008). Further, many of the shrub species that encroach into
grasslands form dense monospecific thickets that limit colonization opportunities by other
species (Brantley and Young, 2010). A large body of research exists documenting the causes of
woody expansion into grasslands (e.g., fire suppression, reduced grazing pressures, rising
atmospheric CO2 concentrations, see McCarron et al., 2003, Huxman et al., 2004, Sankaran et
al., 2005, Prévosto et al., 2006; Archer, 2010); however, little attention has been paid to the
unique functional traits, especially those related to morphology and physiology, that lead to
woody expansion, and in some cases, monospecific thicket formation (i.e., thicketization).
Ecophysiological functional traits linked to assimilation of water, light and nutrients
directly influence growth and productivity (Ackerly et al., 2000; de Bello et al., 2010) and may
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explain success in rapidly expanding woody species (Baruch and Goldstein, 1999). Traits
related to light capture (e.g., specific leaf area, stomatal density, leaf display) can influence
photosynthetic rates. Similarly, traits associated with water movement (e.g., sapwood area to
leaf area ratio, vulnerability to embolism) affect hydraulic conductivity and/or hydraulic supply
to leaves. Increases in hydraulic capacity tend to lead to enhanced photosynthetic capacity
(Brodribb and Field, 2000; Brodribb et al., 2002; Jones et al., 2010), stomatal conductance, and
subsequent CO2 fixation and plant growth rates (Meinzer and Grantz, 1990; Sperry, 2000).
Therefore, study of morphological and physiological traits is essential because these factors may
represent mechanisms responsible for rapid rates of shrub expansion and that lead to thicket
formation.
The shrubs, Elaeagnus umbellata Thunb. (Elaeagnaceae) and Myrica cerifera (L.) Small
(Myricaceae), form extensive, dense thickets reaching maximum heights of 5 - 6 m, minimizing
subcanopy light penetration (Brantley and Young, 2010). Elaeagnus umbellata is a deciduous,
drought resistant shrub that was introduced to North America from Asia and has spread via
cultivation across the United States (Ebinger and Lehnen, 1981). Elaeagnus umbellata is rapidly
expanding into nonnative habitat (Yates et al., 2004). Myrica cerifera is a mesic evergreen,
coastal shrub native to the Atlantic Coast, and the dominant woody species on Mid-Atlantic
barrier islands (Ehrenfeld, 1990). Cover of M. cerifera on Hog Island, VA has increased by
~400% in the past 50 years (Young et al., 2007; Zinnert et al., 2011). Both species produce
prolific, bird-dispersed seeds and form an association with the actinomycete, Frankia, an Nfixing root nodule forming endosymbiont. N-fixing symbiosis may provide an advantage over
co-occurring non-N fixing species with regards to nutrient acquisition, energy resources and
stress tolerance (Yates et al., 2004). Studies that consider functional trait combinations of
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expanding species from different habitats may provide evidence of globally shared traits that are
leading to such significant shifts in growth forms (Brym et al., 2011).
Research investigating functional traits and ecophysiology of expansive woody species is
limited, especially in areas where they are expanding (Gong et al., 2006; Zhao et al., 2007; Brym
et al., 2011). Our objectives were to investigate functional traits pertaining to light capture,
processing, and water use that contribute to the rapid expansion of N-fixing thicket-forming
shrubs (E. umbellata and M. cerifera). Specific goals were to quantify differences in light and
water use physiology for these species by examining 1) leaf morphology, 2) leaf display, 3)
canopy height/light attenuation, and 4) hydraulic conductivity. We hypothesized that E.
umbellata and M. cerifera exhibit functional traits that allow for efficient light and water
utilization, and that these traits support rapid expansion and formation of shrub thickets.

Methods
Site description
Thickets of E. umbellata were sampled at Fort A.P. Hill, VA (38° 05’ N, 77° 20’ W),
where expansion of E. umbellata has been documented for many years. Thickets of M. cerifera,
which occur in primarily in mesic soils, were sampled at the northern end of Hog Island, a
barrier island located ~10 km east of the Eastern Shore of Virginia, USA (37° 27’ N, 75° 40’ W).
Hog Island is ~1000 ha, 10 km long and 2.5 km across at its widest point. It is part of the
Virginia Coast Reserve, an NSF-funded Long-Term Ecological Research site, managed by The
Nature Conservancy. A series of progressively older, dense thickets, dominated by M. cerifera,
has developed in mesic swales across the northern end of the island. Shrub thickets now cover
more than 30% of the island (Zinnert et al., 2011). For both sites, the climate is temperate with
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maximum summer temperatures from 28 – 31 ºC and mean annual precipitation ranging from
1065 – 1167 mm per year (Brantley and Young, 2010). All sampling was conducted in
summers of 2011-2013.

Light attenuation, capture, and processing
Structural, morphological, and physiological traits were measured that were linked to
light attenuation, capture, and processing. Canopy height and depth were measured using a
telescoping pole marked in 0.1 m increments. For each species, mean canopy depth was
measured as the mean difference between canopy height and height to the bottommost leaf along
five vertical transects. Light attenuation was measured along three vertical transects by moving
a quantum sensor (Li-Cor 190S) from the ground to the top of the canopy in 0.2 m increments.
Understory photosynthetically active radiation (PAR) was sampled using Li-Cor 190S quantum
sensors attached to an LI-1400 data logger (Li-Cor Biosciences, Lincoln, Nebraska, USA). On
separate occasions, nine sensors were deployed for each species and each data logger with three
attached sensors was placed > 2 m apart. Sensors were placed at ground level and spaced 0.5-1.0
apart underneath thickets of E. umbellata and M. cerifera. PAR was measured and logged every
15 s for 20 min every 2 hr from 1000 – 1400 hr resulting in 720 measurements collected per
sampling period. Above-canopy PAR, which was > 1600 mol m-2 s-1 at midday for both
species, was measured immediately before and after each sampling period. Sampling occurred on
cloudless days.
Leaf angle to the horizontal (n = 100) was quantified to the nearest 5º using a clinometer
placed along the leaf mid-axis. The number of leaves (n = 280) that were sunlit or shaded was
also determined. Fourteen locations, spaced ≥ 2 m apart, were chosen at each thicket, and 20
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leaves were counted at each location. The same leaves were observed between 1000 and 1400
hr. A leaf was marked sunlit if the majority of the leaf’s surface was illuminated. In addition,
leaf morphological traits were measured including leaf area (n = 10), and specific leaf area (SLA,
n = 10), stomatal density (n =25), stomatal pore length (n = 15), and trichome density (n = 25).
For leaf area and SLA, leaves were sampled at the outer canopy on terminal branches and also at
the bottom edge of the canopy. Leaf area was quantified using a leaf area meter (LI-3100C).
SLA was calculated from leaf area and mass after oven drying samples at 70° C for 72 hr (Young
and Yavitt, 1987). Stomata and trichomes were counted on both surfaces of the leaf (i.e., adaxial
and abaxial). Stomatal and trichome density and stomatal pore lengths were determined by
examining leaf peels under a light microscope at 40 x magnification.
Electron transport rate (ETR) was quantified as a physiological trait representative of
light use and photosynthetic capacity. Rapid light curves (RLCs, n = 5) conducted on fully
expanded, light adapted leaves using a pulse amplitude modulated leaf fluorometer and attached
leaf clip (MINI-PAM, Leaf-Clip Holder 2030-B, Walz, Effeltrich, Germany). Leaves were
exposed to eight increasing steps of PAR ranging from 2 to 1600 mol m-2 s-1 hourly from 1000
to 1400 hr. Above-canopy PAR ranged from ~1100 mol m-2 s-1 at 1000 hr to ≥ 1600 mol m-2 s1

at solar noon for both species. After exposure to each light intensity, quantum yield of PSII

(F/ F′m) was measured. ETR was calculated at multiple light intensities from rapid light curves
(RLCs) using the fluorometer. ETR was calculated as: ETR = ([F′m - Fs]/F′m) * PAR, where
(F′m) represents maximal fluorescence in a light-adapted leaf after a saturating pulse of light and
(Fs) represents steady-state fluorescence prior to any saturating pulse. Concurrent leaf
temperature (Tleaf) was also measured with a thermocouple integrated into the MINI-PAM leaf
clip.
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Hydraulic conductivity
A suite of physiological traits linked to water transport were measured. Branches were
clipped in the field (5 per site) and samples were sealed in opaque plastic bags and transported
back to the laboratory. In the laboratory, stem segments (10 cm long and 10 - 13 mm dia) were
excised under water to prevent xylem embolism. Initial conductivity (i.e., midday) of stem
segments was measured by attaching stems to a hydraulic conductivity apparatus. The hydraulic
conductivity apparatus consisted of an IV-bag supplying a filtered (0.2 μm) 20 mM KCl solution
under low (~5 kPa) gravitational pressure to the stem. A low hydraulic head inhibited removal
of in situ embolisms. Flow rate was determined using an analytical balance (Model PA64,
Ohaus) connected to a computer and hydraulic conductivity was calculated as the mass flow rate
of the solution through the stem segment divided by the pressure gradient along the segment path
length (kh, kg m s-1 MPa-1). Maximum hydraulic conductivity (kh max) was measured after
vacuum infiltration of stems for 2 hr to dissolve any embolisms present (Hietz et al., 2008).
Specific conductivity (ks, kg s-1 MPa-1 m-1), which adjusts for variations in stem diameter, was
calculated from kh divided by sapwood area following safranin staining of stems as outlined by
Sperry et al., 1988. Total leaf area distal to excised stem segments was quantified with a leaf
area meter (Model LI-3100c, LICOR) in order to determine Huber values (cm2 m-2), which
compare sapwood area (i.e., outer layer of wood that contains water conducting tissue) to leaf
area and leaf specific conductivity (kL kg m-1 s-1 MPa-1).

Statistical analysis
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Independent samples t-tests were conducted to compare canopy light attenuation,
understory light, leaf angles, leaf characteristics, midday ETR, Huber values, and ks among
species (Zar, 1999). Repeated measures analysis of variance was used to test for diurnal
variations in the number of sunlit leaves, ETR, and Tleaf among species. Relationships between
ETR and Tleaf were analyzed with linear regressions. All computations were performed with
SAS statistical software (ver 9.2, Cary, North Carolina).

Results
Light attenuation, capture and processing
Canopy height was similar between E. umbellata (4.0 ± 0.1 m) and M. cerifera (4.3 ± 0.3
m, P = 0.309, Fig. 2). Canopy depth was also similar between E. umbellata (2.0 ± 0.1 m) and M.
cerifera (1.9 ± 0.2 m, P = 0.651, Fig. 1). Canopy light attenuation was highly variable along
vertical transects, while little variation was observed at ground level (Table 1, Fig. 2).
Quantification of light attenuation at quartile intervals along vertical transects showed that at
75% of canopy height, 2% of overstory light penetrated the canopy of E. umbellata, compared to
38% for M. cerifera (Table 1). Variations in light penetration at fixed intervals along vertical
transects demonstrates that more light attenuation occurs higher in the canopy for E. umbellata
(Table 1); yet, due to high variability in the canopy for M. cerifera, differences were not
statistically significant at different vertical positions (P ≥ 0.3 in all cases).
Throughout the day (i.e., 1000, 1200, and 1400 hr), variation in understory light showed
that most light occurred between 0-200 µmol m-2 s-1 for E. umbellata and M. cerifera (Fig. 2).
Frequency distributions between species were different during each time frame (P ≤ 0.025, Fig.
2). At 1200 hr, mean PAR for E. umbellata was 45 ± 5 µmol m-2 s-1 compared to 58 ± 4 µmol m2 -1

s for M. cerifera. Throughout the day, median light values for both species were below 50
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µmol m-2 s-1. Because most light was captured between 0-200 µmol m-2 s-1, frequency
distributions were constructed for values observed within this range as well. These distributions
show that for both species most of the observed light occurred from 0-50 µmol m-2 s-1. Yet,
frequency distributions from 0-200 µmol m-2 s-1 were significantly different between species at
each sampling period (P ≤ 0.04, Fig. 2).
Leaf angle varied significantly between species (P < 0.001, Fig. 3). Elaeagnus umbellata
had a mean leaf angle of 27 ± 2° as compared to 38 ± 2° for M. cerifera (Fig. 3). Repeated
measures analysis revealed differences in the number of sunlit leaves throughout the day for each
species (F = 10.9, P = 0.003), but there was no significant species

time of day interaction (F =

2.5, P = 0.089, Fig. 4). At 1000 and 1100 hr, no differences were observed in the number of
sunlit leaves between species; however, during the remainder of the day E. umbellata displayed
the lowest proportion of leaves in the sun, while M. cerifera displayed the highest proportion
(Fig. 4).
Average leaf area of upper canopy leaves of E. umbellata (10.7 ± 0.7 cm2) was twice that
of M. cerifera (5.6 ± 0.4 cm2, P < 0.001, Table 2). Leaf area of lower canopy leaves was slightly
reduced in M. cerifera compared to E. umbellata (P = 0.044, Table 2). Specific leaf area of upper
canopy leaves was similar between E. umbellata (98.5 ± 3.0 cm2/g) and M. cerifera (105.5 ± 6.7
cm2/g, P = 0.359, Table 2). When comparing lower canopy leaves, SLA differed between
species (P < 0.001, Table 2). There was a wide range in abaxial stomatal density between
species: E. umbellata had approximately three times the stomatal density of M. cerifera (979.4 ±
23.4, 315.0 ± 12.3 stomates per mm2, respectively, P < 0.001, Table 2). Elaeagnus umbellata
also had the shortest stomatal pores (8.3 ± 0.6 µm, P < 0.001, Table 2). Both species had
trichomes on both leaf surfaces, but M. cerifera had < 1 trichome per mm2, regardless of
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location. Elaeagnus umbellata had significantly more trichomes than M. cerifera on both the
adaxial surface (10.3 ± 1.4 trichomes per mm2, P < 0.001), and the abaxial surface (55.3 ± 2.1
trichomes per mm2, P < 0.001, Table 2).
Diurnal Tleaf was different between species (P < 0.0001), but there was no species

time

of day interaction (F = 2.1, P = 0.14, Fig. 5). Tleaf was similar between species at 1100 hr, but at
all other times, M. cerifera had the highest Tleaf (Fig. 5). Diurnal ETR also varied between
species (F = 17.3, P = 0.0142) with no significant species

time of day interaction (F = 2.2, P =

0.17). At 1000 hr, ETR of E. umbellata (264.7 ± 17) and M. cerifera (232.2 ± 10.5) were
similar. At 1100 hr, ETR was significantly higher in E. umbellata and at 1200 and 1300 hr, ETR
of E. umbellata was equal to M. cerifera (Fig. 5). At 1400 hr, ETR of M. cerifera was greatly
reduced (100.7 ± 13.3) compared to E. umbellata (237.1 ± 10.4, Fig. 5). A linear relationship
was observed between Tleaf and ETR for and M. cerifera (r2 = 0.91, P = 0.008), but not for E.
umbellata (r2 = 0.18, P = 0.482, Fig. 5).

Hydraulic conductivity
No difference was observed in ks initial between species (P = 0.42, Table 3). ks after
vacuum infiltration, which represented maximum conductivity, was also similar between E.
umbellata and M. cerifera (P = 0.27, Table 3). kL max, however, did differ between species (P <
0.001): E. umbellata had the lowest leaf hydraulic supply (Table 3). Huber values were reduced
in E. umbellata (1.77 ± 0.23 cm2 m-2) compared to M. cerifera (3.72 ± 0.27 cm2 m-2, P = 0.001,
Table 3).

Discussion
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Functional traits that reveal species-environment interactions have received recent
attention for explaining patterns of habitat filtering and mechanisms of community assemblages
(de Bello et al., 2010; Brym et al., 2011; de Bello et al., 2012). We quantified functional traits
that represent morphological and physiological characteristics and were linked to two primary
resources: light and water, which directly influence plant growth. Traits associated with light
capture and processing enable high photosynthetic efficiency and contribute to dramatic
subcanopy light attenuation in thicket-forming shrubs. Traits associated with water movement
can also facilitate high photosynthetic efficiency and enhance productivity. The combination of
morphological and physiological traits in our study contribute to the proliferate growth observed
for E. umbellata and M. cerifera. While there was some convergence in functional traits of these
species (i.e., canopy height and depth, subcanopy light reductions, upper canopy SLA, hydraulic
conductivity, ETR), many functional traits were different (i.e., light attenuation, leaf angle, leaf
area, stomatal density, trichomes, leaf specific conductivity, Huber values). Interestingly, the
physiological traits measured were similar for both species despite differences in several traits.
Our hypothesis that E. umbellata and M. cerifera exhibit functional traits that allow for increased
light and water utilization was supported; yet, differences in functional traits may represent
alternative strategies leading to rapid growth and thicketization for these two species.
Light was greatly reduced under thickets of E. umbellata and M. cerifera. In this study
and others, light levels within shrub thickets on Hog Island and at Fort A.P. Hill were as low as
0.7% of above-canopy PAR (Brantley and Young, 2007; Brantley and Young, 2010). While
frequency distributions were significantly different between species, for all practical purposes,
the reduction of light at the soil surface was virtually identical. Median light values for both
species were below 50 µmol m-2 s-1 throughout the day, which effectively prevents seedling
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establishment underneath either canopy (Larcher, 2001). Light was rapidly reduced within the
first 25% of height from the top of the canopy for both species, but reductions were substantially
larger for E. umbellata. Accordingly, in the lower canopy, both species had larger leaves with
increased SLA. Lower canopy SLA was highest for E. umbellata, which also indicates that
reductions in canopy light penetration were greater relative to M. cerifera. Brantley and Young
(2010) found that canopy depth was the best stand-level structural characteristic to predict total
light attenuation in shrub thickets. In agreement with Brantley and Young (2010), E. umbellata
appears to be more structurally and morphologically efficient at light interception through a
combination of traits including horizontal leaf angles, high stomatal density, and trichomes,
factors which enable the greatest reductions in canopy light penetration. Greater leaf angles of
M. cerifera enable more light penetration through the canopy relative to E. umbellata, yet
subcanopy light penetration for both species was below thresholds for successful seedling
establishment. Both species had similar canopy depths, yet at the canopy midpoint, PAR of M.
cerifera (527 ± 424 µmol m-2 s-1) was higher than the light saturation point of 400 µmol m-2 s-1
(Young 1992) compared to much lower PAR at a similar location within the canopy of E.
umbellata (26.8 ± 10.5 µmol m-2 s-1). Lower canopy leaves of M. cerifera may show increased
photosynthetic rates relative to E. umbellata.
Morphology and physiology enabled reductions in light stress, while maximizing light
capture for both shrubs. Myrica cerifera had vertical leaf angles, small leaves and low SLA, all
factors which mitigate light stress, but also reduce countershading and improve efficiency of
light capture for the whole canopy (Demmig-Adams and Adams, 1992; Kitijima et al., 2005).
Leaf angles of E. umbellata were horizontal which enables higher light capture by angling leaves
toward the horizon for greater light interception and attenuation at midday (Sánchez-Gómez et
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al., 2006; Brantley and Young, 2009). Leaf azimuths were biased towards the south to maximize
sunlight capture (Brantley and Young, 2009), but this may also contribute to diurnal declines in
number of sunlit leaves. Also, the dense trichome layer on the abaxial surface of the leaves,
which results in a lighter color, acts as a reflective surface to enhance light capture by reflecting
light back in, while reducing the effects of high light due to the additional presence of adaxial
trichomes (Klich, 2000; Naumann et al., 2010). Moreover, the dense trichome layer also serves
to reflect light back toward leaves positioned near the interior of the canopy (Naumann et al.,
2010). For E. umbellata this may be especially important for leaves that are lower in the canopy
because of the dramatic light attenuation that occurs in the top 25% of the canopy. It may also
explain how E. umbellata is able to support a canopy with a similar depth to M. cerifera, despite
having larger and more horizontal leaves, which increases countershading, as evidenced by
diurnal declines in the number of sunlit leaves and sharp increases in light attenuation.
Trichomes were present on both leaf surfaces of E. umbellata, with the abaxial side more
pubescent. Trichomes may provide many protective functions for a plant including enhancing
leaf reflectance (Ehleringer et al., 1976) to mitigate the stress of a high light environment. In
addition, pubescence enables plants to avoid lethal Tleaf during hot summer months and allows
leaves to maintain ideal temperatures for photosynthesis and subsequently reduce transpiration
rate (Ehleringer and Mooney, 1978; Ehleringer, 1982). Trichomes may have contributed to the
consistent Tleaf of E. umbellata throughout the day and the lack of relationship between Tleaf and
ETR. Smaller leaf size, and low SLA of the barrier island shrub also leads to favorable Tleaf by
reducing boundary layer resistance (Parkhurst and Loucks, 1972; Givnish and Vermeij, 1976).
However, M. cerifera showed increases in Tleaf from 1000-1200 hr, which resulted in decreased
ETR throughout the day. Yet, despite reductions in ETR thoroughout the day, ETR for both
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species remained high near solar noon and was similar between species at various points
throughout the day.
Elaeagnus umbellata and M. cerifera rely on two different strategies to maximize carbon
gain, yet resulting efficiency is similar. While ETR of E. umbellata was higher than M. cerifera
at multiple points throughout the day, evergreenness enables M. cerifera to fix carbon year-round
(Aerts, 1995). Shiflett et al. (2013) demonstrated that M. cerifera maintains ETR > 150 between
May-September. ETR of M. cerifera declines drastically during cooler months of the year,
periods when E. umbellata is dormant; yet, M. cerifera maintains an ETR similar to co-occurring
evergreen species (Shiflett et al., 2013). Elaeagnus umbellata invests a substantial amount of
energy into growth during a short amount of time (i.e., deciduous growing season), while M.
cerifera is productive year-round, though during the summer months, growth is similar to cooccurring deciduous species.
Many researchers have observed positive linear relationships between quantum yield of
PSII (F/ F′m), an index of photosynthetic capacity from which ETR is derived, and hydraulic
conductivity per sapwood area, a measure of hydraulic efficiency (Jones et al., 2010). Elaeagnus
umbellata and M. cerifera both demonstrated similar capacities for hydraulic conductivity and
these were matched with similarly high ETR. High relative growth rates are achieved through a
greater photosynthetic capacity (Poorter and Bongers, 2006; Jones et al., 2010), but consequently
result in greater leaf-level water demand and transpiration rates (Markesteijn et al., 2011). These
factors necessitate an increased leaf water supply that can be attained with increased stem
specific hydraulic conductivity (Markesteijn et al., 2011).
Though E. umbellata and M. cerifera demonstrated similar ks max, leaf water supply of E.
umbellata was only half of M. cerifera. Huber values indicated that E. umbellata supports more
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leaf area per sapwood area than M. cerifera, so while it may have a lower leaf hydraulic supply
in comparison, it supports substantially more leaf area. Hypothetical reductions in transpiration
rates relative to M. cerifera due to tighter control of Tleaf is one factor that contributes to more
leaf area supported by E. umbellata. Decreased Huber values also explain enhanced light
attenuation observed in E. umbellata, because more canopy area is supported per branch.
Moreover, differences in Huber values reflect contrasting growth strategies exhibited by E.
umbellata and M. cerifera. Elaeagnus umbellata relies on traits that enable maximal carbon gain
in a short time period (i.e., more leaf area supported, horizontal leaf angles, increased ETR),
while M. cerifera relies on traits that enable it to be productive throughout the year and with
increased activity during optimal months (Naumann et al., 2010, Shiflett et al., 2013).
At the leaf scale, both E. umbellata and M. cerifera had small, but densely packed
stomates, which may indicate that they are well suited to tolerate drought stress and enable
higher photosynthetic rates (Chen et al., 1990). Water deficits lead to increases in stomatal
density (Yang and Wang, 2001; Zhao et al., 2006; Xu and Zhang, 2008) and decreases in
stomatal size (Quarrie and Jones, 1977; Spence et al., 1986) allowing for enhanced drought
tolerance (Martínez et al., 2007). Moreover, laboratory studies have shown that both E.
umbellata and M. cerifera respond quickly to drought by stomatal closure (Naumann et al., 2007,
2010). Field and laboratory experiments also revealed the ability of E. umbellata to quickly
recover from drought or midday stress (Naumann et al., 2010). Furthermore, both have a high
capacity for photosynthetic activity, as evident by ETR. Thus, stomatal-based adaptations for
drought recovery further enhance growth and productivity during the summer months.
Despite several differences between the deciduous, non-native, invader E. umbellata and
the evergreen, native, expander M. cerifera, a key factor that links these shrubs is N-fixation.
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Fixation of atmospheric N confers many advantages, especially in nutrient-poor environments
(Huss-Danell, 1997). This may be especially important because E. umbellata readily invades
disturbed and poor-quality soils (Yates et al., 2004) and M. cerifera rapidly expands in nutrientlimited sandy soils (Young, 1992). For N-fixing species, a correlation exists between rates of N
fixation, net photosynthesis, and growth (Huss-Danell, 1990). This is likely because most plants
respond to increased N availability with increased foliar N allocation (Gulmon and Chu, 1981).
Many studies have documented a direct positive relationship between leaf N content and
photosynthetic rate (Gulmon and Chu, 1981, Chapin et al., 1987). Both species have relatively
high leaf N content (3.59 ± 0.15% for E. umbellata and 2.30 ± 0.01% for M. cerifera; Brantley
and Young, 2008; Shiflett et al., in prep.; Zinnert et al., in review). Consistent with high leaf N,
reported values of net photosynthesis of E. umbellata are 20-24 µmol m-2 s-1 (Naumann et al.,
2010), compared to 24-30 µmol m-2 s-1 for M. cerifera (Young, 1992). Additionally, recent
studies have shown N addition can alter the efficiency of water transport to leaves as nutrient
fertilization generally enhances hydraulic efficiency and growth rates (Goldstein et al., 2013).
Functional traits, which reflect filtering effects of climatic, disturbance, and biotic
conditions, explain mechanisms of community assemblages (Díaz et al., 1998; de Bello et al.,
2010; Brym et al., 2011; de Bello et al., 2012). By extension, functional traits may also explain
why some species dominate the landscape. Elaeagnus umbellata and M. cerifera thrive in
different habitats, yet show convergence of some traits, differences in many traits, and
surprisingly similar physiology. Both species encroach into grasslands, grow rapidly, form
dense monospecific thickets and have traits that maximize light attenuation, capture, and
processing. Moreover, both species display traits that contribute to drought tolerance, yet enable
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high hydraulic efficiency. Our work shows that a combination of similarities and distinctive
differences in functional traits can lead to thicketization.
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Table 5.1. Light attenuation along vertical transects of E. umbellata, and M. cerifera. Mean PAR
values are presented at quartile intervals along vertical transects. Percentage of overstory light is
in parentheses. No significant differences (α ≤ 0.05) were observed between species.

Vertical position

PAR (µmol m-2 s-1)
E. umbellata
M. cerifera

Ground (0%)

15.0 ± 4.7 (0.8)

19.2 ± 3.6 (1.1)

25%

18.2 ± 6.1 (1.0)

41.8 ± 17.2 (2.4)

Midpoint (50%)

26.8 ± 10.5 (1.5)

527.4 ± 424.1 (29.8)

75%

37.1 ± 14.6 (2.1)

671.5 ± 514.2 (37.9)

Top (100%)

1797.3 ± 71.0

1770.3 ± 105.2
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Table 5.2. Leaf characteristics of E. umbellata, and M. cerifera. Location represents either where
leaves were sampled (U = upper canopy, L = lower canopy), or leaf surface (T = top, adaxial, B
= bottom, abaxial). Mean values are presented with ± one standard error (SE). Significant
differences (α ≤ 0.05) between species are represented by an *.
Location

N

E. umbellata

U

10

10.7 ± 0.7

5.6 ± 0.4 *

L

10

13.7 ± 2.0

8.9 ± 0.9 *

U

10

98.5 ± 3.0

L

10

279.2 ± 12.9

191.8 ± 8.6 *

Stomatal density (#/mm2)

B

25

979.4 ± 23.4

315.0 ± 12.3*

Stomatal pore length (µm)

B

15

8.3 ± 0.6

12.4 ± 0.5 *

Trichome density (#/mm2)

T

25

10.3 ± 1.4

0.2 ± 0.1 *

B

25

55.3 ± 2.1

0.4 ± 0.1 *

Characteristic
Leaf area (cm2)

SLA (cm2/g)
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M. cerifera

105.5 ± 6.7

Table 5.3. Hydraulic characteristics of E. umbellata, and M. cerifera. Mean values are presented
with ± 1 SE. Significant differences (α ≤ 0.05) between species are represented by an *.
Hydraulic characteristic

E. umbellata

M. cerifera

ks initial (kg s-1 MPa-1 m-1)

1.39 ± 0.24

1.73 ± 0.31

ks max (kg s-1 MPa-1 m-1)

3.01 ± 0.13

2.78 ± 0.13

kL max (10-4) (kg m-1 s-1 MPa-1)

5.06 ± 0.60

11.95 ± 0.22 *

Huber value (cm2 m-2)

1.77 ± 0.23

3.72 ± 0.27 *
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Figures
Figure 5.1. (A) Canopy height (m) and depth (m) of E. umbellata compared to M. cerifera. (B)
light attenuation along a vertical axis through the canopy of E. umbellata, and M. cerifera.
Dashed lines represent the average canopy depth.

Figure 5.2. Understory PAR of E. umbellata, and M. cerifera at 1000, 1200, and 1400 hr.
Distributions are divided into 200 µmol m-2 s-1 classes. Frequency histograms of PAR between 0200 µmol m-2 s-1 divided into 25 µmol m-2 s-1 classes are inset into each graph.

Figure 5.3. Frequency distributions of leaf angles relative to horizontal of E. umbellata and M.
cerifera. Distributions are divided into 15° classes. Mean leaf angle ± 1 SE is presented for each
site.

Figure 5.4. Proportion of sunlit and shaded leaves for E. umbellata and M. cerifera between 1000
and 1400 hr.

Figure 5.5. (A) Diurnal variation in ETR and leaf temperature (Tleaf, °C) for E. umbellata and M.
cerifera and (B) relationships between ETR and leaf temperature for each species.
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CHAPTER SIX

CONCLUSIONS AND SIGNIFICANCE OF RESEARCH

Sheri A. Shiflett

Woody expansion has been documented for decades in various systems globally,
frequently the result of anthropogenic disturbances to the environment and producing extensive
changes in ecosystem functioning. Many studies have identified causes and consequences of
woody expansion; yet, little attention has been paid to functional traits that contribute to dramatic
and rapid expansion in range. Functional traits, which incorporate effects of climatic,
disturbance, and biotic conditions, explain mechanisms of community assemblages (Díaz et al.
1998; de Bello et al. 2010; Brym et al. 2011; de Bello et al. 2012). Key functional traits
representative of assimilation of water, light and nutrients directly influence plant growth
(Ackerly et al. 2000). Many expansive species are either N-fixers or evergreen (Dobbs and
Parker 2004; Isermann et al. 2007; Knapp et al. 2008). N-fixation and an evergreen leaf habit are
advantageous in resource (i.e., nutrients and water) limited environments by promoting nutrient
retention and drought tolerance. N-fixation also enables enhanced photosynthetic capacity
(Gulmon and Chu 1981). Functional traits, especially those related to enhanced capacity to
process and use resources, may explain why some species dominate the landscape and are
undergoing rapid range expansion (Baruch and Goldstein 1999).
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Traits related to light capture (e.g., specific leaf area, stomatal density, pigment
concentration) and processing (e.g., pigment concentration, ETR) may contribute to higher rates
of gas exchange and photosynthetic activity. In addition, traits related to water transport (e.g.,
leaf area to sapwood area ratio, specific leaf area) may confer enhanced stem- and leaf hydraulic
conductivity. Several studies have demonstrated that increases in hydraulic conductivity lead to
enhanced photosynthetic capacity (Brodribb and Feild 2000; Brodribb et al. 2002; Jones et al.
2010), and gas exchange. Therefore, enhanced hydraulic efficiency can affect CO2 fixation and
plant growth rates (Meinzer and Grantz 1990; Sperry 2000). Study of plant functional traits,
particularly those which represent physiological performance of photosynthetic and hydraulic
systems, may identify mechanisms most responsible for rapid rates of shrub expansion. The
objective of my research was to determine if hydraulic efficiency enables photosynthetic
efficiency so that specific suites of traits representative of water and light use may be possible
mechanisms facilitating woody encroachment into grasslands and other communities, including
forest understories.
Studied species included evergreen shrubs representing a range of leaf life spans from 13 years (Ilex opaca, Kalmia latifolia, and Myrica cerifera) and the invasive, deciduous, N-fixing
shrub Elaeagnus umbellata. Physiological performance typically declines with increased leaf
longevity such that performance of I. opaca and K. latifolia, which have leaf life spans of ~2.5 –
3 yr, was expected to be reduced compared to M. cerifera and E. umbellata, which have leaf life
spans of ≤ 1 yr. For instance, rates of gas exchange, foliar %N, and specific leaf area, all
positively correlated variables, tend to decrease with increasing leaf life span across a broad
range of environments and angiosperm taxa (Reich et al. 1997; Niinements et al. 2004; Wright et
al. 2005; Baldocchi et al. 2010; Letts et al. 2012). Within environments, growth rates and
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physiology can vary greatly among species (Reich et al. 1999). Variation in leaf life span among
co-occurring broadleaf evergreens causes differences in physiological response due to the
increased need for nutrient conservation and desiccation tolerance with longer leaf lifespan
(Aerts 1995). Reduced hydraulic conductivity of evergreens may explain reduced photosynthetic
efficiency compared to deciduous species. However, hydraulic conductivity and photosynthetic
efficiency of M. cerifera deviates from expectations based solely on leaf life span. Myrica
cerifera shows similar capacity for water transport and light capture and processing as the
invasive E. umbellata. Both M. cerifera and E. umbellata have similar strategies of nutrient
acquisition which contributes to similarities in physiology of these expansive species.
A link was observed between hydraulic conductivity and photosynthetic efficiency
among understory evergreens. The relationship between ks max and ETRmax was significant during
spring and summer, months when the ETR of M. cerifera is highest under light saturation
(Chapter 2, 3). During warmer months, field photosynthetic values of M. cerifera have been as
high as 24 – 30 µmol m-2 s-1, compared to 4 – 8 µmol m-2 s-1 for K. latifolia and species closely
related to I. opaca (Young 1992; Valladeres et al. 2005; Hughes and Smith 2007). During other
months of the year, physiological activity of M. cerifera is constrained by temperature (Chapter
2, Shiflett et al. 2013). Myrica cerifera and K. latifolia, which are both thicket-forming and
show enhanced physiological response to rising temperature, are expected to show future range
expansion in response to warming climates. Conversely, Ilex opaca, which is slow-growing and
shows a low responsiveness to changes in temperature, may occur in a diminished range in the
future (Chapter 2, Aerts 1995). While species physiologically similar to I. opaca represent the
vast majority of evergreens, research on expanding species, including some thicket-forming
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species, has shown that they are able to dramatically increase in range on the order of decades
(Dobbs and Parker 2004; Zinnert et al. 2011).
Myrica cerifera exhibits characteristics not generally associated with evergreenness and
is physiologically adapted for a high light environment (Young 1992). It has high growth rates
(Young 1992, 2007), light use efficiency across light levels, hydraulic capacity, leaf nitrogen
content (Vick 2011), and chlorophyll per unit mass (Chapter 2, 3, 4). N-fixation enables high
photosynthetic potential of M. cerifera and also contributes to enhanced hydraulic efficiency and
growth rates (Goldstein et al. 2013). Leaf N content impacts the relationship between hydraulic
conductivity and photosynthetic potential because increased leaf N enhances photosynthetic
capacity (Chapin et al. 1987). This explains why photosynthetic capacity of M. cerifera was
much higher than anticipated based on leaf longevity (Chapter 3). Typically, as leaf longevity
increases, physiological performance (e.g., hydraulic conductivity and photosynthetic capacity)
decreases, a trend that was observed across evergreen shrubs of varying leaf longevities. Nfixation is a key factor that promotes expansion and thicket-formation of shrubs such as M.
cerifera and E. umbellata (Chapter 5).
Physiology of M. cerifera was robust (i.e., little to no variation) along a chronosequence
of shrub thicket development (Chapter 4). While several factors related to growth and
productivity decline (e.g., N, litter production) across the Hog Island, VA chronosequence (i.e.,
space for time substitution, Young 2007; Brantley and Young 2008), physiology is similar
despite considerable differences in thicket age and development. In addition to previously
identified traits that contribute to the expansion of M. cerifera, robust stomatal density, pigment
concentration, ETR, and hydraulic conductivity of M. cerifera are mechanisms that enable high
LAI, photosynthetic rates, and ANPP. Moreover, resilient physiology of M. cerifera promotes
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successful seedling establishment and initial thicket development and contributes to expansion of
existing thickets.
Functional traits associated with light capture and processing promote high
photosynthetic efficiency and contribute to dramatic subcanopy light attenuation in thicketforming shrubs (Chapter 5). Traits associated with water transport (i.e., hydraulic conductivity)
can also facilitate high photosynthetic efficiency and enhance productivity (Chapter 3, 4, 5).
Elaeagnus umbellata and M. cerifera thrive in different habitats, yet display similarities in some
traits, differences in other traits, and very similar physiology. Both species grow rapidly,
encroach into grasslands, and form dense monospecific thickets. Elaeagnus umbellata and M.
cerifera also have traits that maximize light attenuation, capture, and processing. Moreover,
both species show traits that contribute to drought tolerance, yet enable high hydraulic
efficiency. Elaeagnus umbellata and M. cerifera exhibited functional traits enabling increased
light and water utilization; yet, differences in functional traits may represent alternative strategies
leading to rapid growth and thicketization. A combination of similar and contrasting functional
traits can lead to thicketization.
My research supports the hypothesis that hydraulic efficiency enables photosynthetic
efficiency. Specific suites of traits related to water and light use (e.g., N-fixation, ETR,
hydraulic conductivity, stomatal density) may be possible mechanisms facilitating woody
encroachment into grasslands and other communities, including forest understories. My research
demonstrates that M. cerifera has not only greater access to resources through an actinorhizal
symbiosis, but also greater physiological efficiency in terms of both water movement and light
processing compared to co-occurring evergreen non-fixers. Among understory evergreens, there
was a decline in water transport and light processing with leaf longevity. However, N-fixation
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and N allocation to leaves were important components for enhanced photosynthetic capacity that
did not scale with differences in leaf longevity among I. opaca, K. latifolia, and M. cerifera.
Physiology of thicket-forming species (K. latifolia and M. cerifera) reflected potential for
expansion in the understory. Additionally, high capacity to transport water and process light that
is conserved with thicket age and an evergreen leaf habit may explain dominance of M. cerifera
on Virginia barrier islands. Furthermore, both E. umbellata and M. cerifera are N-fixing,
thicketizers that show similar capacities for water transport and light processing. The research
presented here provides evidence for mechanisms of expansion which are linked to nutrient
acquisition, conservation, and use, thereby enhancing capacity for water movement and light
processing. Research, such as the work presented here, that considers functional trait
combinations of expanding species from different habitats may provide evidence of globally
shared traits that are responsible for the significant shifts in growth form from graminoid to
woody vegetation.
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